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PREFACE


HDL (hardware description language) and FPGA (field-programmable gate array) devices allow designers to quickly develop and simulate a sophisticated digital circuit, realize it on a prototyping device, and verify operation of the physical implementation. As the capacity of FPGA devices continues to grow, a device can accommodate an SoC (system on a chip) design, which integrates a processor, memory modules, I/O peripherals, and custom hardware accelerators into a single chip. This book uses a “learning by doing” approach and illustrates the FPGA and HDL development and design process by a series of examples in the SoC context.

The examples start with simple gate-level circuits, progress gradually through the RT (register-transfer) level modules, and lead to a functional embedded system with custom I/O peripherals and hardware accelerators. A simple SoC framework, FPro (abbreviated from the book title “FPGA Prototyping”), is introduced as a platform to integrate all the design examples together. An FPro system contains a Xilinx MicroBlaze MCS soft-core processor, a video subsystem, and the MMIO (memory-mapped I/O) subsystem that can incorporate custom I/O cores. Except for the processor, all components are designed and coded from scratch. All the hardware and software examples can be synthesized, compiled, and physically tested on the prototyping board.

Focus and audience

Focus The primary focus of this book is on developing efficient and reliable digital systems and effectively using HDL as a tool to describe the intended hardware. The HDL language itself is not the main subject and its coverage is limited to a small synthesizable subset. The book uses about a dozen proven code templates to provide the skeletal structures of various types of circuits. These templates are general and can easily be integrated to construct a large, complex system. Although this approach limits the “freedom” of syntactic expression, it helps us steer our effort to develop an innovative and efficient hardware architecture.

After discussing the fundamentals in Part I, the book illustrates more complicated and sophisticated designs in the SoC context. Along the way, readers will learn many system-level concepts, including the derivation of a soft-core processor and IP (intellectual property) core based system, the partition and integration of software and hardware, and the development of custom I/O peripherals and hardware accelerators.

Although the book is intended for beginning designers, the examples follow strict design guidelines and prepare readers for future endeavors. The coding and design practice is “forward compatible,” by which we mean the following:


	The same practice can be applied to large designs in the future. 

	The same practice can aid other system development tasks, including simulation, timing analysis, verification, and testing. 

	The same practice can be applied to ASIC technology and different types of FPGA devices. 

	The code can be accepted by synthesis software from different vendors. 



Audience and prerequisites

The intended audience is students in an advanced digital design course as well as practicing engineers who wish to learn FPGA-and HDL-based developments. Readers need to have a basic knowledge of digital systems, usually a required course in electrical engineering and computer engineering curricula, and a working knowledge of the C/C++ language. Prior exposure to computer architecture, embedded system, and operating system is not necessary but will be helpful.

Changes for the MicroBlaze MCS SoC Edition

This book is the successor edition of FPGA Prototyping by Verilog Examples: Xilinx Spartan 3 Version. The System Verilog in the title reflects the fact that the book uses the new language constructs of SystemVerilog. The most significant change is that the new edition presents the hardware in the SoC context and covers many system-level concepts. Instead of treating each module as an isolated entity, the book integrates them into a single coherent SoC platform that allows readers to explore both hardware and software “programmability” and develop complex and interesting embedded system projects. The major revisions in this edition are the following:


	Add four general-purpose peripheral modules: multi-channel PWM (pulse width modulation), I2C controller, SPI controller, and XADC (Xilinx analog-to-digital converter) controller. 

	Introduce a music synthesizer constructed with a DDFS (direct digital frequency synthesis) module and an ADSR (attack-decay-sustain-release) envelope generator. 

	Expand the original video controller into a complete stream-based video subsystem that incorporates a video synchronization circuit, a test-pattern generator, an OSD (on-screen-display) controller, a sprite generator, and a frame buffer. 

	Expand the coverage of timing model and provide an in-depth discussion of blocking and nonblocking statements. 

	Introduce basic concepts of software-hardware co-design with Xilinx Micro-Blaze MCS soft-core processor. 

	Provide an overview of the bus interconnect and interface circuit. 

	Introduce basic embedded system software development. 

	Suggest additional modules and peripherals for interesting and challenging projects. 



Logistics

FPGA prototyping board

This book is prepared to be used with the Nexys 4 DDR FPGA prototyping board manufactured by Digilent Inc. It contains an Artix FPGA device and the needed I/O peripherals. All HDL codes and discussions of this book can be applied to this board directly. The less expensive Basys 3 board can be used as well. This board incorporates fewer I/O peripherals and contains a smaller FPGA device.

Most peripherals discussed in the book are de facto industrial standards and the corresponding HDL codes can be used for other FPGA boards as long as they provide adequate analog interface circuits and connectors. Another option is to use stand-alone I/O peripheral modules or to construct the circuits on a breadboard.

Software

The book uses the Xilinx Vivado WebPack edition for hardware development and Xilinx SDK for software development. Both software packages are free and can be downloaded from Xilinx’s website.

PC accessories

The design examples involve interfaces to several PC peripheral devices, including a USB keyboard, a USB mouse, a VGA compatible monitor, and a powered speaker. These accessories are widely available and probably can be obtained from an old PC.

Book organization

The book is divided into four major parts. Part I introduces the elementary HDL constructs and their hardware counterparts, and demonstrates the construction of a basic digital circuit with these constructs. It consists of six chapters:


	Chapter 1 describes the skeleton of an HDL program, the basic language syntax, and the logical operators. Gate-level combinational circuits are derived with these language constructs.

	Chapter 2 provides an overview of an FPGA device, prototyping board, and development flow. 

	Chapter 3 introduces HDL’s relational and arithmetic operators and routing constructs. These correspond to medium-sized components, such as comparators, adders, and multiplexers. Module-level combinational circuits are derived with these language constructs. 

	Chapter 4 presents the codes for memory elements and the construction of “regular” sequential circuits, such as counters and shift registers, in which the state transitions exhibit a regular pattern. 

	Chapter 5 discusses the construction of a finite state machine (FSM), which is a sequential circuit whose state transitions do not exhibit a simple, regular pattern. 

	Chapter 6 presents the construction of an FSM with data path (FSMD). The FSMD is used to implement the register-transfer (RT) methodology, in which the system operation is described by data transfers and manipulations among registers. 

	Chapter 7 covers the methods to infer FPGA’s internal memory modules, which can then be used to construct buffers and lookup tables. 

	Chapter 8 provides an in-depth coverage of the timing model and data types and discusses an alternate coding style. This chapter can be skipped without affecting the remaining chapters. 



Part II introduces the hardware construction of an FPro system and the development of embedded software. A basic “vanilla” FPro system, which contains a timer core, a UART (universal asynchronous receiver and transmitter) core, a GPI (general-purpose input) core, and a GPO (general-purpose output) core, is used to illustrate the key concepts of the process. It consists of four chapters:


	Chapter 9 introduces the SoC development and provides an overview of the hardware organization and software structure of the FPro platform. 

	Chapter 10 discusses the software development for an embedded system and the basic coding techniques to access low-level I/O cores. 

	Chapter 11 covers the FPro bus protocol and the bus interface circuit and demonstrates the construction of basic GPI, GPO, and timer cores. 

	Chapter 12 presents the construction of a more sophisticated UART core and the derivation of software device drivers. 



Part III applies the techniques from Parts I and II to develop an array of I/O cores for the peripherals on the Nexys 4 DDR prototyping board. The I/O cores are constructed from scratch with custom hardware and device driver. Part III consists of nine chapters:


	Chapter 13 discusses the Xilinx device’s internal analog-to-digital converter (XADC) and derives an interface circuit to retrieve the analog readings. 

	Chapter 14 presents the design of a multi-channel PWM core and demonstrates its application for LED brightness adjustment and servo motor control. 

	Chapter 15 converts the seven-segment LED control circuit and the switch debouncing circuit of Part I into I/O cores and integrates them into an FPro system. 

	Chapter 16 provides an overview of the SPI protocol, covers the design of an SPI controller core, and shows its operation with Nexys 4 DDR board’s ADXL362 three-axis accelerometer. 

	Chapter 17 provides an overview of the I2C protocol, discusses the design of an I2C controller core, and demonstrates its operation with Nexys 4 DDR board’s ADT7420 temperature sensor. 

	Chapter 18 covers the design of a PS2 controller core, which can be connected to a PS2 mouse or a PS2 keyboard, and discusses the device driver routines to read and decode keyboard scan codes and to obtain and process mouse movement information and button activities.

	Chapter 19 discusses the construction of a DDFS (direct digital frequency synthesis) controller core with amplitude and frequency modulation and demonstrates its application as a music synthesizer. 

	Chapter 20 augments the music synthesizer with an ADSR (attack-decaysustain-release) envelope generator core, which can produce sound mimicking various music instruments. 



Part IV discusses the development of a stream-based video subsystem. The subsystem provides a framework to generate and mix multiple video sources into a single video data stream for display. It consists of four chapters:


	Chapter 21 introduces the concept of stream data processing and constructs a basic video system with a test-pattern generator, a color-to-grayscale conversion circuit, and a frame synchronization circuit. 

	Chapter 22 provides an overview of the FPro video subsystem framework and the FPro video core structure and demonstrates the stream interface with a line buffer. 

	Chapter 23 presents the design of a sprite circuit, which adds an overlay of small animated objects on the screen, and applies the technique for a mouse pointer core and a “Pac-Man ghost character” core. 

	Chapter 24 discusses the design of an OSD (on-screen-display) controller core, which produces an overlay of text similar to the subtitles on a TV screen. 

	Chapter 25 covers the design of a frame buffer, which maintains a bitmap for one screen. 



In addition to the main text chapters, the book includes an Appendix with four tutorials. The tutorials consist of the following:


	Develop, synthesize, and implement a digital circuit on the Nexys 4 DDR board with Vivado. 

	Perform simulation of an HDL program with Vivado’s built-in simulator. 

	Configure and instantiate Xilinx IP cores. 

	Construct a basic FPro system with a Xilinx microBlaze MCS IP core and develop software with the Xilinx SDK platform. 



Companion Website

On an accompanying website (http://academic.csuohio.edu/chu_p) additional information is available, including the following materials:


	Errata 

	HDL and C/C++ code listings and relevant files 

	Links to synthesis and simulation software 

	Links to reference materials 



The printed book contains a number of color figures. They are shown as grayscale in the printed version. These figures can be found in full color on the website as well.

Errata

The book is self-prepared, which means that the author has produced all aspects of the text, including illustrations, tables, code listings, indexing, and formatting. As errors are always bound to happen, the accompanying website provides an updated errata sheet and a place to report errors.

P. P. CHU

Cleveland, Ohio
February 2018
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PART I 
BASIC DIGITAL CIRCUITS DEVELOPMENT






CHAPTER 1 
GATE-LEVEL COMBINATIONAL CIRCUIT

HDL (hardware description language) is used to describe and model digital systems. SystemVerilog is one of the major HDLs. In this chapter, we use a simple comparator to illustrate the skeleton of a SystemVerilog program. The description uses only logical operators and represents a gate-level combinational circuit, which is composed of simple logic gates. In Chapter 3, we cover the remaining operators and constructs and examine the register-transfer-level combinational circuits, which are composed of intermediate-sized components, such as adders, comparators, and multiplexers.


1.1 INTRODUCTION


1.1.1 Brief history of Verilog and SystemVerilog 

Verilog is a hardware description language. It was developed in the mid-1980s and later transferred to the IEEE (Institute of Electrical and Electronics Engineers). The language is formally defined by IEEE Standard 1364 and the document is known as the LRM (Language Reference Manual). The standard was ratified in 1995 (known as Verilog-1995) and significantly revised in 2001 (known as Verilog2001). A further revision, which contains a few minor changes, was published in 2005. Unless otherwise specified, the term “Verilog” used in the book is referred to Verilog-2001.

Verilog was developed for gate-level and register-transfer-level design and modeling and it did not include advanced high-level verification features, such as assertions, functional coverage, and constrained random testing. SystemVerilog first served as an extension of Verilog that supports the verification features. The extension was ratified by IEEE in 2005 and formally defined by IEEE Standard 1800. It is referred to as SystemVerilog-2005.

In 2009, Verilog and SystemVerilog were combined into a single standard and defined by IEEE Standard 1800. The merged languages are called SystemVerilog and referred to as SystemVerilog-2009. The merge and name selection implies that Verilog is now part of SystemVerilog and the Verilog language has ceased to exist.

The merge and naming scheme may cause some confusion. SystemVerilog-2005 is a pure hardware verification language but the newer SystemVerilog (SystemVerilog-2009 and beyond) is a hardware description and verification language that incorporates both design and verification features into a single framework.

Unless otherwise specified, the term “SystemVerilog” used in the book is referred to SystemVerilog-2009, which includes hardware description portion and is a “superset” of the original Verilog.



1.1.2 Book coverage 

SystemVerilog is an extremely complex language. Only a small subset of the language constructs is intended to describe gate-level and register-transfer-level systems and even a smaller subset can be recognized by the synthesis software tool and transformed into physical hardware.

The focus of this book is on hardware design rather than on the language. We introduce the key SystemVerilog synthesis constructs by examining a collection of examples. Although the syntax of SystemVerilog is somewhat like that of the C language, its semantics (i.e., “meaning”) is based on concurrent hardware operation and is totally different from the sequential execution of C. The subtlety of some language constructs and certain inherent nondeterministic behavior of SystemVerilog can lead to difficult-to-detect errors and can introduce a discrepancy between simulation and synthesis. The coding of this book follows a “better-safe-than-buggy” philosophy. Instead of writing quick and short codes, the focus is on style and constructs that are clear and synthesizable and can accurately describe the desired hardware. The illustration of the covered language subset is shown in Figure 1.1. Several advanced synthesis related topics are examined further in Chapter 8 and more detailed SystemVerilog coverage may be explored through the sources listed in the bibliographic section at the end of the chapter.


[image: ]

Figure 1.1 Subset covered in the book.



Verilog FYI	

Besides merging the two standards, SystemVerilog-2009 made many enhancements in the “hardware description portion” of the original Verilog-2001 standard. We use some of these new features in the book. The book occasionally includes paragraphs to explain the difference between a new SystemVerilog-2009 feature and the original Verilog-2001 construct. They are highlighted by a Verilog FYI side bar, as shown at left. The main purpose of these paragraphs is to help the reader understand the older Verilog codes. Note that SystemVerilog is backward-compatible with Verilog-2001 and thus these codes can be accepted by the SystemVerilog synthesis tool as well. The paragraphs with side bars can be skipped without affecting the subsequent reading.




1.2 GENERAL DESCRIPTION

Consider a 1-bit equality comparator with two inputs, i0 and i1, and an output, eq. The eq signal is asserted when i0 and i1 are equal. The truth table of this circuit is shown in Table 1.1.



Table 1.1 Truth table of 1-bit equality comparator




	Input
i0 i1
	Output
eq



	0 0
	1



	0 1
	0



	1 0
	0



	1 1
	1





Suppose that we want to use basic logic gates, which include not, and, or, and xor cells, to implement the circuit. One way to describe the circuit is to use a sum-of-products format. The logic expression is

eq = i0 . i1+ i0′ . i1′


One possible SystemVerilog code is shown in Listing 1.1. We examine the language constructs and statements of this code in the following subsections.



Listing 1.1 Gate-level implementation of a 1-bit comparator


[image: ]

The best way to understand an HDL program is to think in terms of hardware circuits. This program consists of three portions. The I/O port portion describes the input and output ports of this circuit, which are i0 and i1, and eq, respectively. The signal declaration portion specifies the internal connecting signals, which are p0 and p1. The body portion describes the internal organization of the circuit. There are three continuous assignments in this code. Each can be thought of as a circuit part that performs certain simple logical operations. We examine the language constructs and statements of this code in the next two sections.

The graphical representation of this program is shown in Figure 1.2. The three continuous assignments constitute the three circuit parts. The connections among these parts are specified implicitly by the signal and port names. The order of the continuous statements is clearly irrelevant and the three statements can be rearranged arbitrarily.


[image: ]

Figure 1.2 Graphical representation of a comparator program.





1.3 BASIC LEXICAL ELEMENTS AND DATA TYPES


1.3.1 Lexical elements 

The basic SystemVerilog lexical elements include identifiers, keyword, white space, and comment.

Identifier

An identifier gives a unique name to an object, such as eq, i0, or p0. It is composed of letters, digits, the underscore character (_), and the dollar sign ($). $ is usually used with a system task or function.

The first character of an identifier must be a letter or underscore. It is a good practice to give an object a descriptive name. For example, mem addr en is more meaningful than mae for a memory address enable signal.

SystemVerilog is a case-sensitive language. Thus, data_bus, Data_bus, and DATA_BUS refer to three different objects. To avoid confusion, we should refrain from using the case to create different identifiers.

Keyword

A Keyword is a predefined identifier that is used to describe language constructs. In this book, we use boldface type for SystemVerilog keywords, such as module and logic in Listing 1.1.

White space

White space, which includes the space, tab, and newline characters, is used to separate identifiers and can be used freely in the SystemVerilog code. We can use proper white spaces to format the code and make it more readable.

Comments

A comment is just for documentation purposes and will be ignored by software. SystemVerilog has two forms of comments. A one-line comment starts with //, as in

[image: ]

A multiple-line comment is encapsulated between /* and */, as in

[image: ]

In this book, we use italic type for comments, as in the examples above.



1.3.2 Data types used in the book 

SystemVerilog supports a rich collection of data types. However, we only use a very small restricted set in the book to describe the circuit. The set consists of the following:


	the logic type 

	the integer type 

	the tri type 

	the user-defined enumerate type 



The logic type is the most commonly used data type in design. It represents the value of a one-bit signal or the content of a one-bit memory element. The logic type can assume a value from a four-state set:


	0: for “logic 0”, or a false condition 

	1: for “logic 1”, or a true condition 

	z: for the high-impedance state 

	x: for an unknown value



The z value corresponds to the output of a tristate buffer. The x value is usually used in modeling and simulation, representing a value that is not 0, 1, or z, such as an uninitialized input or output conflict.

When a collection of signals is grouped into a bus or a collection of data bits is grouped into a word, we can represent it using a one-dimensional array (vector), as in

[image: ]

The one-dimensional array can be interpreted as a collection of independent bits or an unsigned binary number. While the index range can be either descending (as in [7:0]) or ascending (as in [0:7]), the former is preferred since the leftmost position (i.e., 7) corresponds to the MSB (most significant bit) of a binary number.

A two-dimensional array is sometimes needed to represent a memory. For example, a 4-by-32 memory (i.e., a memory has 4 words and each word is 32 bits wide) can be represented as

[image: ]

Note that the outer dimension (i.e., [0:3]) is in ascending order, representing the memory module depicted in Figure 1.3.


[image: ]

Figure 1.3 Illustration of a two-dimensional array.



The integer type is a special case of one-dimensional logic array. Its size is fixed at 32 bits and it is interpreted as a signed binary number. We use the integer type mainly for constants and parameters to represent threshold values, array boundaries, etc.

In our book, the tri type is only used to infer the tristate buffer of a bidirectional port and the user-defined enumerate type is used to represent the symbolic states of an FSM (finite state machine). These types are discussed in more detail in Sections 3.1.9 and 5.2.1.



1.3.3 Number representation 

The value of a one-dimensional logic array is represented as a constant number. Its general format is

[ sign ][ size ]’[ base ][ value ] 

The [base] term specifies the base of the number, which can be the following:


	b or B: binary 

	 o or O: octal 

	h or H: hexadecimal 

	d or D: decimal



The [value] term specifies the value of the number in the corresponding base. The underline character (_) can be included for clarity.

The [size] term specifies the number of bits in a number. It is optional. The number is known as a sized number when a [size] term exists and is known as an unsized number otherwise.

A sized number specifies the number of bits explicitly. If the size of the value is smaller than the [size] term specified, zeros are padded in front to extend the number, except in several special cases. The z or x value is padded if the MSB of the value is z or x, and the MSB is padded if the signed data type is used. Several sized number examples are shown in the top portion of Table 1.2.

An unsized number omits the [size] term. Its actual size depends on the host computer but must be at least 32 bits. The ’[base] term can also be omitted if the number is in decimal format. Assume that 32 bits are used in the host machine. Several unsized number examples are shown in the bottom portion of Table 1.2.



Table 1.2 Examples of sized and unsized numbers




	Number
	Stored value
	Comment



	5’b11010
	11010
	



	5’b11 010
	11010
	_ignored



	5’o32
	11010
	



	5’h1a
	11010
	



	5’d26
	11010
	



	5’b0
	00000
	0 extended



	5’b1
	00001
	0 extended



	5’bz
	zzzzz
	z extended



	5’bx
	xxxxx
	x extended



	5’bx01
	xxx01
	x extended



	-5’b00001
	11111
	2’s complement of 00001



	’b11010
	00000000000000000000000000011010
	extended to 32 bits



	’hee
	00000000000000000000000011101110
	extended to 32 bits



	1
	00000000000000000000000000000001
	extended to 32 bits



	-1
	11111111111111111111111111111111
	extended to 32 bits







1.3.4 Operators 

SystemVerilog has several dozens operators and only a subset of them can be synthesized. For the gate-level description, we need only the following bitwise operators: ~ (not), & (and), | (or), and ^ (xor). These operators infer basic gate-level cells. Other operators are discussed in Section 3.1.




1.4 PROGRAM SKELETON

As its name indicates, HDL is used to describe hardware. When we develop or examine a SystemVerilog code, it is much easier to comprehend if we think in terms of “hardware organization” rather than “sequential algorithm.” Most HDL codes in this book follow the basic skeleton shown in Listing 1.1. It consists of three portions: I/O port declaration, signal declaration, and module body.


1.4.1 Port declaration 

The module declaration and port declaration of Listing 1.1 are

[image: ]

The I/O declaration specifies the modes, data types, and names of the module’s I/O ports. The simplified syntax is

[image: ]

The [mode] term can be input, output, or inout, which represent the input, output, or bidirectional port, respectively. Note that there is no comma in the last declaration. Since the book focuses on design description, we only use the logic type for the input and output ports and use the tri type for bidirectional port

Verilog-1995 port declaration

In Verilog-1995, port names, modes, and data types are declared separately. For example, the preceding port declaration becomes

[image: ]

Verilog FYI

We do not use this format in this book.



1.4.2 Signal declaration 

The declaration portion specifies the internal variables and local parameters used in the module. Since the variables frequently resemble the interconnecting wires between the circuit parts, as shown in Figure 1.2, we call them “signals” when appropriate.

The simplified syntax of signal declaration is

[data_type] [port_names]; 

Two internal signals are declared in Listing 1.1:

logic p0, p1;

Note that an identifier does not need to be declared explicitly. The previous declaration statement is actually optional. If a declaration is omitted, the signal is assumed to be an implicit net. Although the code is more compact, it may introduce subtle errors of misspelled identifiers. For clarity and documentation, we always use explicit declarations in this book.



1.4.3 Program body 

The program body of a synthesizable SystemVerilog module can be thought of as a collection of circuit parts. These parts are operated in parallel and executed concurrently. There are several ways to describe a part:


	Continuous assignment 

	“Always block” 

	Module instantiation 



The first way to describe a circuit part is by using a continuous assignment. It is useful for simple combinational circuits. Its simplified syntax is

assign [signal_name] = [expression];

Each continuous assignment can be thought as a circuit part. The signal on the left-hand side is the output and the signals used in the right-hand-side expression are the inputs. The expression describes the function of this circuit. For example, consider the statement

assign eq = p0 | p1;

It is a circuit that performs the or operation. There are three continuous assignments in Listing 1.1 and they correspond to the three circuit parts shown in Figure 1.2.

The second way to describe a circuit part is by using an always block. More abstract procedural assignments are used inside the always block and thus it can be used to describe a more complex circuit operation. The always block is discussed in Section 3.2.

The third way to describe a circuit part is by using module instantiation. Instantiation creates an instance of another module and allows us to incorporate pre-designed modules as subsystems of the current module. Instantiation is discussed in Section 1.5.



1.4.4 Concurrent semantics 

Although the “appearance” of an HDL program is somewhat like a traditional programming language, such as C, its semantics is very different. The statements in a C programs are run on a centralized processor and executed sequentially. The statements of an HDL program are “autonomous” and executed concurrently. For example, consider the statement

assign eq = p0 | p1;

It is executed as follows:


	When a signal on the left-hand-side expression (i.e., 	p0 or p1) changes, the statement is activated. 

	The left-hand-side expression (i.e., p0 | p1) is evaluated. 

	The evaluated result is passed to the right-hand signal after a delay (an implicit delta delay or an explicitly specified delay). 

	Repeat the process continuously]. 



Note that the execution resembles the operation of a circuit.

The continuous assignments can be activated at the same time and run concurrently. Its behavior is totally different from a C program statement. We intentionally put the assignment

assign eq = p0 | p1;

as the first line of the program body in Listing 1.1. The arrangement will lead to erroneous result in a traditional programming C language but has no effect on an HDL program since the order of the continuous assignments.

The execution of always block and component instantiation are more complex but can be reasoned in a similar way. In summary, the continuous assignment, always block, and module instantiation can be treated as “concurrent building constructs.” Each construct runs autonomously and continuously and the overall operation of the code is executed in parallel.



1.4.5 Another example 

We can expand the comparator to 2-bit inputs. Let the input be a and b and the output be aeqb. The aeqb signal is asserted when both bits of a and b are equal. The code is shown in Listing 1.2.



Listing 1.2 Gate-level implementation of a 2-bit comparator


[image: ]

The a and b ports are now declared as a two-element array. Derivation of the architecture body is similar to that of the 1-bit comparator. The p0, p1, p2, and p3 signals represent the results of the four product terms, and the final result, aeqb, is the logic expression in the sum-of-products format.




1.5 STRUCTURAL DESCRIPTION

A digital system is frequently composed of several smaller subsystems. This allows us to build a large system from simpler or predesigned components. SystemVerilog provides a mechanism, known as module instantiation, to perform this task. This type of code is called structural description.

An alternative to the design of the 2-bit comparator of Section 1.4.5 is to utilize previously constructed 1-bit comparators as the building blocks. The diagram is shown in Figure 1.4, in which two 1-bit comparators are used to check the two individual bits and their results are fed to an and cell. The aeqb signal is asserted only when both bits are equal. The corresponding code is shown in Listing 1.3.


[image: ]

Figure 1.4 Construction of a 2-bit comparator from 1-bit comparators.





Listing 1.3 Structural description of a 2-bit comparator


[image: ]

The code includes two module instantiation statements. The simplified syntax of module instantiation is

[image: ]

The first line of the statement specifies which component is used. The [module_name] term indicates the name of the module and the [instance_name] term gives a unique id for an instance. The remaining portion is port connection, which indicates the connections between the I/O ports of an instantiated module (the lower-level module) and the external signals used in the current module (the higher-level module). This form of mapping is known as connection by name. The order of the port-name and signal-name pairs does not matter.

In Listing 1.3, the first component instantiation statement is

eq1 eq_bit0_unit (.i0(a[0]), .i1(b[0]), .eq(e0)); 

The eq1 is the module name defined in Listing 1.1. The port mapping reflects the connections shown in Figure 1.4. The component instantiation statement represents a circuit that is encompassed in a “black box” whose function is defined in another module.

This example demonstrates the close relationship between a block diagram and code. The code is essentially a textual description of a schematic. Although it is a clumsy way for humans to comprehend the diagram, it puts all representations into a single HDL framework.

The port names and signal names are sometimes identical and these mappings can be represented as “.*” in SystemVerilog. For example, the instantiation statement

eq1 eq_unit (. i0(i0), .i1(i1), .eq(eq ));

can be abbreviated as

eq1 eq_unit (.*);

and the instantiation statement

eq1 eq_unit (. i0(i0), .i1(i1), .eq( result ));

can be abbreviated as

eq1 eq_unit (.* , .eq( result ));

Verilog FYI

Connection by ordered list

An alternative scheme to associate the ports and external signals is connection by ordered list (sometimes also known as connection by position). In this scheme, the port names of the lower-level module are omitted and the signals of the higher-level module are listed in the same order as the lower-level module’s port declaration. With this scheme, the two module instantiation statements in Listing 1.3 can be rewritten as

eq1 eq_bit0_unit (a[0] , b[0] , e0 );
eq1 eq_bit1_unit (a[1] , b[1] , e1 );


Although this scheme makes the code more compact, it is error prone, especially for a module with many I/O ports. For example, if we modify the code of the lower-level module and switch the order of two ports in the port declaration, all the instantiated modules need to be corrected as well. If this is done accidentally during code editing, the altered port order may be left undetected during synthesis and lead to difficult-to-find bugs. We always use the connection-by-name scheme in this book.

Verilog primitive

Verilog includes a set of predefined primitives that can be instantiated as modules. These primitives correspond to simple gate-level function blocks, such as the and, or, and not cells. For example, the eq1 circuit can be implemented by using simple cells, as shown in Figure 1.5. The corresponding primitive-based code is shown in Listing 1.4.
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Figure 1.5 Low-level diagram of a 1-bit comparator.



Verilog FYI



Listing 1.4 Implementation with Verilog primitive


[image: ]

This form of code is very tedious and can easily be replaced with simple bitwise logical operators. We do not use primitives in this book.

In addition to the predefined primitives, we can define customized primitives, known as user-defined primitives (UDPs). For example, we can define a 1-bit comparator circuit in a UDP, as shown in Listing 1.5.

Verilog FYI



Listing 1.5 UDP of a 1-bit comparator


[image: ]

A UDP is essentially a table-based description of a circuit. The same table can also be described by a case statement (discussed in Section 3.5). We use the latter approach and do not use UDPs in this book.



1.6 TOP-LEVEL SIGNAL MAPPING

When an HDL program is targeted to a physical device of a prototyping board, the design is subject to a variety of constraints. One constraint is the locations of the I/O pins. For example, the switches and LEDs of the board are “pre-wired” to specific I/O pins of the FPGA device and they cannot be altered. The pin assignment is defined in a constraint file, which is processed in conjunction with HDL files.

The designs of this book use a constraint file that specifies the pin assignment for all the I/O signals on the Nexys 4 DDR prototyping board. To use this file, the top-level HDL module must have the same predefined I/O signal names. This can be achieved by creating an HDL file to “wrap” the original design and map its original I/O signals to the prototyping board’s I/O signals. For example, we name the I/O pins connected to the slide switches and LEDs as sw and led and specify their pin assignment in the constraint file. For a physical implementation, the a and b signals of the previous comparator circuit can be connected to the four switches and the output, aeqb, can be connected to an LED. The corresponding wrapping code is shown in Listing 1.6.



Listing 1.6 Top-level wrapping circuit


[image: ]

The code essentially maps the “logical” port names of the comparator to the physical signals on the prototyping board. Note that the output led signal is defined as a one-element vector to accommodate future expansion. The procedure to include the constraint file is demonstrated in Appendix A.2.



1.7 TESTBENCH

After code is developed, it can be simulated in a host computer to verify the correctness of the circuit operation and then synthesized to a physical device. Simulation is usually performed within the same language framework. We create a special program, known as a testbench, to mimic a physical lab bench.

The development of testbench and verification are beyond the scope of this book. We just provide several examples to illustrate the basic concepts. The templates can be used to simulate and observe inputs and outputs of a simple circuit. The sketch of a 2-bit comparator testbench is shown in Figure 1.6. The uut segment is the unit under test, the test vector generator segment generates testing input patterns, and the monitor segment examines the output responses. A simple testbench for the 2-bit comparator is shown in Listing 1.7.
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Figure 1.6 Testbench for a 2-bit comparator.





Listing 1.7 Testbench for a 2-bit comparator
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The code consists of a module instantiation statement, which creates an instance of the 2-bit comparator, and an initial block, which generates a sequence of test patterns. The initial block is a special language construct, which is executed once when simulation starts. The statements inside an initial block are executed sequentially. Each test pattern is generated by three statements, as in the test vector 2:

test_in0 = 2’b01; 
test_in1 = 2’b00; 
# 200; 

The first two statements specify the values for the test_in0 and test_in1 signals and the third indicates that the two values will last for 200 time units. The last statement, $stop, is a system function that stops the simulation and returns the control to simulation software.

The code has no monitor. We can observe the input and output waveforms on a simulator’s display, which can be treated as a “virtual logic analyzer.” The simulated timing diagram of this testbench is shown in Figure 1.7.


[image: ]

Figure 1.7 Simulated waveforms.



Writing code for a comprehensive testbench requires detailed knowledge of SystemVerilog and is beyond the scope of this book. However, this listing can serve as a testbench template for other simple combinational circuits. We can substitute the uut instance and modify the test patterns according to the new circuit.



1.8 BIBLIOGRAPHIC NOTES

In this book, a short bibliographic section is included in the end of each chapter to provide the most relevant references for further exploration. A more comprehensive bibliography can be found in the end of the book.

SystemVerilog is a very complex language. The standard is specified in IEEE Standard for SystemVerilog–Unified Hardware Design, Specification, and Verification Language, IEEE Std 1364-2001. Logic Design and Verification Using SystemVerilog, by D. Thomas highlights the usage and capability of the language. SystemVerilog for Design, second ed. by S. Sutherland et al. and SystemVerilog for Verification by T. Fitzpatrick et al. provide detailed coverage on the design and modeling portion and the verification portion of the language, respectively. Derivation of the testbench for a large digital system is a difficult task. Writing Testbenches Using SystemVerilog by J. Bergeron focuses on this topic.



1.9 SUGGESTED EXPERIMENTS

At the end of each chapter, some experiments are suggested as exercises. The experiments help us better understand the concepts and provide a hands-on opportunity to design and debug actual circuits.


1.9.1 Code for gate-level greater-than circuit 

Develop the HDL codes in Experiment 2.6.1. The code can be simulated and synthesized after we complete Chapter 2.



1.9.2 Code for gate-level binary decoder 

Develop the HDL codes in Experiment 2.6.2. The code can be simulated and synthesized after we complete Chapter 2.







CHAPTER 2 
OVERVIEW OF FPGA AND EDA SOFTWARE 


An FPGA (field-programmable gate array) prototyping board is used to implement the design examples and projects of this book. We provide an overview of FPGA devices, the Nexys 4 DDR prototyping board, and the development process in this chapter.


2.1 FPGA


2.1.1 Overview of a general FPGA device 

An FPGA (field-programmable gate array) is a logic device that contains a two-dimensional array of generic logic cells and programmable switches. The conceptual structure of an FPGA device is shown in Figure 2.1. A logic cell can be configured (i.e., programmed) to perform a simple function, and a programmable switch can be customized to provide interconnections among the logic cells. A custom design can be implemented by specifying the function of each logic cell and selectively setting the connection of each programmable switch. Once the design and synthesis are completed, we can use a simple adaptor cable to download the desired logic cell and switch configuration to the FPGA device and obtain the custom circuit. Since this process can be done “in the field” rather than “in a fabrication facility (fab),” the device is known as field programmable.


[image: ]

Figure 2.1 Conceptual structure of an FPGA device.



LUT-based logic cell

A logic cell usually contains a small configurable combinational circuit with a D FF (D-type flip-flop). The most common method to implement a configurable combinational circuit is an LUT (lookup table). An n-input LUT can be considered as a small 2n-by-1 memory. By properly writing the memory content, we can use the LUT to implement any n-input combinational function. The conceptual diagram of a five-input LUT-based logic cell is shown in the top right of Figure 2.1. Note that the output of the LUT can be used directly or stored to the D FF. The latter can be used to implement sequential circuits.

Macro cell

Most FPGA devices also embed certain macro cells or macro blocks. These are designed and fabricated at the transistor level, and their functionalities complement the general logic cells. Commonly used macro cells include memory blocks, combinational multipliers, clock management circuits, and I/O interface circuits. Advanced FPGA devices may even contain one or more prefabricated processor cores.



2.1.2 Overview of the Xilinx Artix-7 devices 

This book uses Xilinx Artix-7 family FPGA devices and we provide a brief overview of this device in this section.

Logic cell, slice, and CLB

The most basic element of an Artix-7 device is a logic cell (LC). A logic cell contains one LUT, which can be configured either as one 6-input LUT or as two 5-input LUTs, and two FFs. In addition, a logic cell contains a carry circuit, which is used to implement arithmetic functions, and a multiplexing circuit, which is used to implement wide multiplexers. Some LUTs can also be configured as a small distributed SRAM (static random access memory) module or a shift register. To increase flexibility and improve performance, eight logic cells are combined together with a special internal routing structure. In Xilinx terms, four logic cells are grouped to form a slice, and two slices are grouped to form a configurable logic block (CLB).

Macro cell

The Artix-7 device contains several types of macro cells. The MMCM (mixed-mode clock manager) macro cell is a clock management core that can produce a wide range of frequencies from a single oscillator input, reduce clock skew, and adjust the phase shift of a clock signal. The BRAM (block random access memory) macro cell is a 36K-bit dual-port synchronous SRAM that can be arranged in various types of configurations. The DSP (digital signal processing) macro cell is composed of a 25-by-18 binary multiplier and a 48-bit accumulator and is intended to support computation intensive DSP algorithms. An IOB (input/output block) macro cell is associated with a physical I/O pin of the FPGA device. It can be configured to support a wide variety of I/O signaling standards and high-speed serial data links. The XADC (Xilinx analog-to-digital converter) contains two 12-bit analog-to-digital converters. In addition to these, the device may include special blocks for the gigabit ethernet transceivers and the PCI express bus.

Devices in the Artix-7 family

Although Artix-7 FPGA devices have similar types of logic cells and macro cells, their densities differ. The family contains an array of devices of various densities. The numbers of logic cells, 36K-bit BRAMs, DSP slices, and MMCMs of the devices are summarized in Table 2.1. The Nexys 4 DDR prototyping board used in the book contains an Artix XC7A100T device. The simpler Basys 3 board contains a smaller Artix XC7A35T device



Table 2.1 Devices in the Artix-7 family





	Device 
	Num. of 
LCs
	Num. of 
36-Kb BRAMs
	BRAM bits
	Num. of
 DSP slices
	Num. of 
MMCMs




	XC7A15T
	16,640
	25
	900K
	45
	5



	XC7A35T
	33,280
	50
	1,800K
	90
	5



	XC7A50T
	52,160
	75
	2,700K
	120
	5



	XC7A75T
	75,520
	105
	3,780K
	180
	6



	XC7A100T
	101,440
	135
	4,860K
	240
	6



	XC7A200T
	215,360
	365
	13,140K
	740
	10









2.2 OVERVIEW OF THE DIGILENT NEXYS 4 DDR BOARD

The Digilent Nexys 4 DDR board is designed around an Artix XC7A100T device and has an array of built-in peripherals. The layouts of the board are shown in Figure 2.2.

The main components and connectors are as follows:


	Power jack for optional external power supply 

	Shared USB JTAG and UART port 

	Artix XC7A100T FPGA device 

	Pmod port (JD) 

	Pmod port (JC) 

	Sixteen discrete LEDs 

	Sixteen slide switches 

	Temperature sensor 

	Eight-digit seven-segment LED display 

	Pmod port (JB) 

	Five pushbutton switches 

	Pmod port (JA) 

	Soft-core processor reset button 

	Pmod port with analog input (connected to XADC) 

	Audio jack 

	VGA port 

	Ethernet connector 

	USB host port (connected to USB mouse/keyboard) 

	Power-on switch 
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Figure 2.2 Nexys 4 DDR board.





2.3 DEVELOPMENT FLOW

The simplified development flow of an FPGA-based system is shown in Figure 2.3. To facilitate further reading, we follow the terms used in the Xilinx documentation. The left portion of the flow is the refinement and programming process, in which a system is transformed from an abstract textual HDL description to a device cell-level configuration and then downloaded to the FPGA device. The right portion is the validation process, which checks whether the system meets the functional specification and performance goals. The major steps in the flow are as follows:


	Design the system and derive the HDL file(s). We may need to add a separate constraint file to specify certain implementation constraints, such as the pin assignment and the clock frequency. 

	Develop the testbench in HDL and perform RTL simulation. The RTL term reflects the fact that the HDL code is done at the register-transfer level. The simulation is performed to verify code syntax and to confirm that the HDL description meets the intended specification and functions. 

	Perform synthesis. The synthesis process is generally known as logic synthesis, in which the software transforms the HDL constructs to generic gate-level components, such as simple logic gates and FFs. 

	Perform implementation. The implementation process consists of three smaller subprocesses: translate, technology mapping, and placement and routing. The translate subprocess merges multiple design files to a single netlist. The technology mapping subprocess maps the generic gates in the netlist to FPGA’s logic cells. The placement and routing subprocess derives the physical layout inside the FPGA chip. It places the cells in physical locations and determines the routes to connect various signals. 

	Examine the timing report. In the Xilinx flow, static timing analysis, which determines various timing parameters, such as the setup time slack, is performed at the end of the synthesis process and at the end of the implementation process. The latter is more accurate since the wire delays (correlated to path’s length) are known and can be used for calculation. 

	Generate and download the programming file. In this process, a configuration file, which is also known as a bit file, is generated according to the final netlist. This file is downloaded to an FPGA device serially to configure the logic cells and programmable switches. The physical circuit can be verified accordingly. 
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Figure 2.3 Development flow.



The optional post-synthesis simulation can be performed after synthesis, and the optional post-implementation simulation can be performed after implementation. Post-synthesis simulation uses a synthesized netlist to replace the RTL description and checks the correctness of the synthesis process. Post-implementation uses the final netlist, along with detailed wire delay timing data, to perform simulation. Because of the complexity of the netlist, post-synthesis and post-implementation simulation may require a significant amount of time. If we follow good design and coding practices, the HDL code will be synthesized and implemented correctly. We only need to use the RTL simulation to check the correctness of the HDL code and use static timing analysis to verify the relevant timing information. Both post-synthesis and post-implementation simulations may be omitted from the development flow.



2.4 XILINX VIVADO DESIGN SUITE

We use Vivado Design Suite for hardware development in this book. Vivado is an integrated design environment for the Xilinx FPGA product and incorporates all the software tools discussed in Figure 2.3. A typical Vivado window is shown in Figure 2.4. A “watered-down” version, Vivado WebPack edition, can be downloaded for free and is adequate for the designs and projects in this book.


[image: ]

Figure 2.4 Vivado window.



As FPGA capability and capacity continue to grow, the EDA (electronic design automation) tools evolve in a similar pace. The software is updated and patched almost at a quarterly basis. While the detailed description of the vendor’s tools is beyond the scope of this book, several short tutorials are provided in the Appendix. Appendix A.1 provides an overview of the Vivado Design Suite environment, Appendix A.2 illustrates the hardware development flow, and Appendix A.3 demonstrates the RTL simulation.



2.5 BIBLIOGRAPHIC NOTES

Relevant information for the Artix-7 device can be found in its data sheets. Xilinx’s 7 Series FPGAs Overview provides a high-level overview and its user guide, UG4747 Series FPGAs Configurable Logic Block User Guide gives a detailed explanation of the logic cells. The Design Warrior’s Guide to FPGAs by Clive Maxfield provides a comprehensive review of FPGA-related issues.

The detailed layout and relevant information of the Nexys 4 DDR board can be found in Nexys 4 DDR FPGA Board Reference Manual.



2.6 SUGGESTED EXPERIMENTS


2.6.1 Gate-level greater-than circuit 

The greater-than circuit compares two inputs, a and b, and asserts an output when a is greater than b. We want to create a 4-bit greater-than circuit from the bottom up and use only gate-level logical operators. Design the circuit as follows:

	Derive the truth table for a 2-bit greater-than circuit and obtain the logic expression in the sum-of-products format. Based on the obtained expression, derive the HDL code using only logical operators. 

	Derive a testbench for the 2-bit greater-than circuit. 	Perform a simulation and verify the correctness of the design. 

	Use four switches as the inputs and one LED as the output. Synthesize the circuit and download the configuration file to the prototyping board. Verify its operation. 

	Use the 2-bit greater-than circuits and 2-bit equality comparators and a minimal number of “glue gates” to construct a 4-bit greater-than circuit. First draw a block diagram and then derive the structural HDL code according to the diagram. 

	Derive a testbench for the 4-bit greater-than circuit. 	Perform a simulation and verify the correctness of the design. 

	Use eight switches as the inputs and one LED as the output. Synthesize the circuit and download the configuration file to the prototyping board. Verify its operation. 





2.6.2 Gate-level binary decoder 

An n-to-2n binary decoder asserts one of 2n bits according to the input combination. The functional table of a 2-to-4 decoder with an enable signal is shown in Table 2.2. We want to create several decoders using only gate-level logical operators. The procedure is as follows:


	Determine the logic expressions for the 2-to-4 decoder with enable and derive the HDL code using only logical operators. 

	Derive 	a testbench for the decoder. Perform a simulation and verify the correctness of the design. 

	Use two switches as the inputs and four LEDs as the outputs. Synthesize the circuit and download the configuration file to the prototyping board. Verify its operation. 

	Use the 2-to-4 decoders to derive a 3-to-8 decoder. First draw a block diagram and then derive the structural HDL code according to the diagram. 

	Derive a testbench for the 3-to-8 decoder. Perform a simulation and verify the correctness of the design. 

	Use three switches as the inputs and eight LEDs as the outputs. Synthesize the circuit and download the configuration file to the prototyping board. Verify its operation. 

	Use the 2-to-4 decoders to derive a 4-to-16 decoder. First draw a block diagram and then derive the structural HDL code according to the diagram. 

	Derive a testbench for the 4-to-16 decoder. Perform a simulation and verify the correctness of the design. 





Table 2.2 Truth table of a 2-to-4 decoder with enable




	Input
	Output



	en
	a(1)
	a(0)
	bcode



	0
	–
	–
	0000



	1
	0
	0
	0001



	1
	0
	1
	0010



	1
	1
	0
	0100



	1
	1 
	1
	1000











CHAPTER 3
RT-LEVEL COMBINATIONAL CIRCUIT


The gate-level circuits discussed in Chapter 1 utilize simple logical operators to describe gate-level design, which is composed of simple logic cells. In this chapter, we examine the HDL description of module-level circuits, which are composed of intermediate-sized components, such as adders, comparators, and multiplexers. Since these components are the basic building blocks used in register-transfer methodology, it is sometimes referred to as RT-level design. We first discuss more sophisticated SystemVerilog operators, the always block, and routing constructs, and then demonstrate the RT-level combinational circuit design through a series of examples.


3.1 OPERATORS

SystemVerilog consists of about three dozen operators. In addition to the bitwise operators discussed in Chapter 1, the arithmetic, shift, and relational operators can be synthesized as well. These operators correspond to intermediate-sized components, such as adders and comparators. We examine the relevant operators in this section and also cover miscellaneous synthesis-related language constructs. Table 3.1 summarizes the relevant operators.



Table 3.1 Relevant SystemVerilog operators




	Type of operation
	Operator symbol
	Description
	Number of operands



	Arithmetic
	+
	addition
	2



	
	-
	subtraction
	2


	
	*
	multiplication
	 2



	
	/
	division
	2



	
	%
	modulus
	2



	
	 **
	exponentiation
	2



	Shift 
	>>
	logical right shift
	2


	
	<<
	logical left shift
	2


	
	>>>
	arithmetic right shift
	2


	
	<<<
	logical left shift
	2



	Relational
	>
	greater than
	2


	
	<
	less than
	2



	
	>=
	greater than or equal to
	2



	
	<=
	less than or equal to
	2



	Equality
	==
	equality
	2



	
	!=
	inequality
	2



	
	===
	case equality
	2



	
	!==
	case inequality
	2



	Bitwise
	~
	bitwise negation
	1



	
	&
	bitwise and
	2



	
	|
	bitwise or
	2



	
	^
	bitwise xor
	2



	Reduction
	&
	reduction and
	1



	
	|
	reduction or
	1



	
	^
	reduction xor
	1



	Logical
	!
	logical negation
	1



	 
	&&
	logical and
	2



	
	||
	logical or
	2



	Concatenation
	{ }
	concatenation
	any



	
	{ { } }
	replication
	 any



	Conditional
	?   :
	conditional
	3







Table 3.2 Operator precedence




	Operator
	Precedence



	!~+ -(unary)
	highest



	**
	



	*/%
	



	+-(binary)
	



	>> << >>> <<<
	



	< <= >  >=
	



	== != === !==
	



	&
	



	^
	



	&&
	



	||
	



	?: 
	lowest 






3.1.1 Arithmetic operators 

There are six arithmetic operators: +, -, *, /, %, and **. They represent addition, subtraction, multiplication, division, modulus, and exponentiation operations, respectively. The + and - operators can also be used as unary operators, as in -a. During synthesis, the + and - operators infer the adder and subtractor and they are synthesized by FPGA’s logic cells.

Multiplication is a complicated operation, and synthesis of the multiplication and synthesizing the multiplication operator * from normal logic cells consumes a lot of resources. Modern FPGA devices provide prefabricated multiplier macro cells. When the * operator is encountered, the synthesis software infers a macro cell rather than synthesizing the circuit from logic cells. Xilinx Artix-7 FPGA family embeds the prefabricated 25-by-18 binary multipliers in DSP slices and Vivado software can infer these for the * operator. While the multiplication operator is supported, we need to be aware of the limitation on the number and input width of the multiplier macro cells and use them with care.

The /, %, and ** operators usually cannot be synthesized automatically but can be used in static expressions (to calculate constant values, array boundaries, etc.).



3.1.2 Shift operators 

There are four shift operators: >>, <<, >>>, and <<<. The first two represent the logical shift right and left and the last two represent the arithmetic shift right and left.

The 0’s are shifted in for a logical shift operation (i.e., >> and <<). The sign bits (i.e., the MSB) are shifted in for the >>> operation and the 0’s are shifted in for the <<< operation. Note that there is no difference between the << and <<< operations. The latter is included for completeness. Some shifting examples are shown in Table 3.3.



Table 3.3 Shift operation examples




	a
	a >> 2
	a >>> 2
	a << 2
	a <<< 2



	0100_1111
	0001_0011
	0001_0011
	0011_1100
	0011_1100



	1100_1111
	0011_0011
	1111_0011
	0011_1100
	0011_1100





If both operands of a shift operator are signals, as in a << b, the operator infers a barrel shifter, which is a fairly complex circuit. On the other hand, if the shifted amount is fixed, as in a << 2, the operation infers no logic and involves only routing of the input signals. This type of operation can also be described by using the catenation operator discussed in Section 3.1.5.



3.1.3 Relational and equality operators 

There are four relational operators: >, <, <=, and >=. These operators compare two operands and return a Boolean result, which can be false (represented by 1-bit scalar value 0) or true (represented by 1-bit scalar value 1).

There are four equality operators: ==, !=, ===, and !==. As with the relational operators, they return false (1-bit 0) or true (1-bit 1). The === and !== operators, known as case equality and case inequality operators, take into consideration of the matches of the x and z bits in the operands. They cannot be synthesized.

The relational operators and the == and != operators infer comparators during synthesis.



3.1.4 Bitwise, reduction, and logical operators 

The bitwise, reduction, and logical operators are somewhat similar and perform the and, or, xor, as well as not operations. These operators are implemented by basic logic cells.

Bitwise operators

There are four basic bitwise operators: & (and), | (or), ^ (xor), and ~ (not). The first three operators require two operands. Negation and xor operation can be combined, as in ~^ or ^~, to form the xnor operator. The operations are performed on a bit-by-bit basis and thus are known as bitwise operators. For example, let a, b, and c be 4-bit signals:

logic [3:0] a, b, c;

The statement

assign c= a | b;

is the same as

assign c[3] = a[3] | b[3]; 
assign c[2] = a[2] | b[2]; 
assign c[1] = a[1] | b[1]; 
assign c[0] = a[0] | b[0]; 

Reduction operators 

The previous &, |, and ^ operators may have only one operand and then are known as reduction operators. The single operand usually has an array data type. The designated operation is performed on all elements of the array and returns a 1-bit result. For example, let a be a 4-bit signal and y be a 1-bit signal:

logic [3:0] a; 
logic y;

The statement

assign y = | a; // only one operand

is the same as

assign y = a[3] | a[2] | a[1] | a[0];

Logical operators 

There are three logical operators: && (logical and), || (logical or), and ! (logical negate). The logical operators are different from the bitwise operators. If we assume that no x or z is used, the operands of a logical operator are interpreted as false (when all bits are 0’s) or true (when at least one bit is 1), and the operation always returns a 1-bit result. As the name suggests, the logical operators should be used as logical connectives of Boolean expressions, as in

(state==idle) || ((state==op) && (count > 10))

Some examples are shown in Table 3.4. The corresponding bitwise operations are also included to illustrate the difference between the two types of operations. Since SystemVerilog uses 0 and 1 to represent the false and true values, bitwise and logical operators can be used interchangeably in some situations. However, it is good practice to use logical operators for Boolean expressions and use bitwise operators for signal manipulation.



Table 3.4 Logical and bitwise operation examples




	a
	b
	a&b
	a|b
	a&&b
	a||b



	0
	1
	0
	1
	0 (false)
	1 (true)



	000
	000
	000
	000
	0 (false)
	0 (false)



	000
	001
	000
	001
	0 (false)
	1 (true)



	011
	001
	001
	011
	1 (true)
	1 (true)







3.1.5 Concatenation and replication operators 

The concatenation operator, { }, combines segments of elements and small arrays to form a larger array. The following example illustrates its use:


[image: image]

Implementation of the concatenation operator involves reconnection of the input and output signals and only requires “wiring.”

One application of the concatenation operator is to shift and rotate a signal by a fixed amount, as shown in the following example:


[image: image]

The concatenation operator, N{ }, replicates the enclosed string. The replication constant, N, specifies the number of replications. For example, {4{2’b01}} returns 8’b01010101. The previous arithmetic shift operation can be simplified:

assign sha = {3{a[8]} , a[8:3]}; 



3.1.6 Conditional operators 

The conditional operator, ?:, takes three operands and its general format is

[signal] = [boolean_exp] ? [true_exp] : [false_exp];

The [boolean_exp] is a Boolean expression that returns true (1’b1) or false (1’b0). The [signal] gets [true exp] if it is true and [false_exp] if it is false. For example, the following circuit obtains the maximum of a and b:

assign max = (a>b) ? a : b; 

The operator can be thought as a simplified if-then-else statement:


[image: image]

Despite its simplicity, the conditional operators can be cascaded or nested to specify the desired selection. For example, the eq1 circuit described in Table 1.1 can be rewritten using conditional operators:


[image: image]

We can extend the maximum circuit to return the maximum of a, b, and c:


[image: image]

While synthesized, a conditional operator infers a 2-to-1 multiplexing circuit. The detailed derivation is discussed in Section 3.6.



3.1.7 Operator precedence 

The operator precedence specifies the order of evaluation. The precedence is shown in Table 3.2. When an expression is evaluated, the operator with higher precedence is evaluated first. For example, in the a + b >> 1 expression, a + b is evaluated first and then >> 1 is evaluated. We can use parentheses to alter the precedence, as in a + (b >> 1). It is a good practice to use parentheses to make an expression clearer, as in (a + b) >> 1, even when they are not required.



3.1.8 Expression bit-length adjustment 

As signals in real hardware, variables in a SystemVerilog program usually have different numbers of bits (i.e., bit lengths or widths). In a SystemVerilog statement, the bit lengths of operands can be different and the adjustment is determined by a set of implicit rules:


	Determine the maximal bit length of the operands in the context, which includes the right-hand-side expression and the left-hand-side signal. 

	Extend the bit lengths of operands on the right-hand side to the maximum and evaluate the expression. 

	Assign the result to the left-hand-side signal. Truncate the MSBs if the signal’s bit length is smaller.



Let us first consider a simple example:

logic [7:0] a, b;

assign a = 8’b00000000; 
assign b = 0; 

The first statement assigns an 8-bit value, ”00000000”, to a. The second statement assigns the integer 0 to b. Recall that the integer type is 32 bits and thus 0 is represented as ”00000000000000000000000000000000”. Since b is 8 bits wide, it is truncated to ”00000000” during the assignment. Although both statements assign an all-zero pattern to the signals, we need to be aware of how the values are obtained.

Let us consider another example:

logic [7:0] a, b; 
logic [7:0] sum8 ; 
logic [8:0] sum9 ; 


assign sum8 = a + b; 
assign sum9 = a + b; 


In the first assignment, all operands are 8 bits wide and an 8-bit addition is performed. The carry-out bit of the addition is discarded. In the second assignment, the a and b signals are extended to 9 bits, the bit length of the sum9 signal, and a 9-bit addition is performed. The sum[9] bit gets the resulting carry-out bit. We can also use a concatenation operator if an explicit carry-out signal is desired:

  assign {c_out ,sum8} = a + b;

Although the basic conversion rule is simple and intuitive, the subtleties can be error prone. For example, let a, b, sum1, and sum2 be 8-bit signals. The following statements give a different result:


[image: image]

In the first assignment, all operands are 8 bits wide and an 8-bit addition is performed. The carry-bit is discarded. When the shift operation is performed, 0 is shifted into the MSB. In the second assignment, 0 is an integer and thus is 32 bits wide. The a and b are extended to 32 bits for addition and the summation is shifted. The result is then truncated to 8 bits when assigned to sum2 and sum2[7] gets the original carry-out bit. The conversion becomes more involved when the signed data type is used (discussed in Section 8.5).

A safe but somewhat cumbersome alternative is to adjust the bit lengths of the operands manually. For example, an alternative that can be used to obtain sum2 is


[image: image]

The code is longer but is more descriptive and less prone to error.

In summary, we must be aware of the SystemVerilog’s automatic bit-length adjustment mechanism. Unintended bit-length mismatch can lead to subtle, difficultto-find errors. Except for trivial adjustments, such as assigning an all-zero pattern with an integer 0, we should either adjust the bit lengths manually or thoroughly document the desired automatic adjustment.



3.1.9 Synthesis of z and x values 

In addition to the regular logic 0 and logic 1, a variable can contain z and x values. Although they are not operators, we discuss the synthesis aspect of these two values in this subsection.

Synthesis of z

The z value implies high impedance or an open circuit. It is not a normal logic value and can only be synthesized by a tristate buffer. The symbol and function table of a tristate buffer are shown in Figure 3.1. The operation of the buffer is controlled by an enable signal, oe (for “output enable”). When it is 1, the input is passed to output. On the other hand, when it is 0, the y output appears to be an open circuit (i.e., very high impedance).


[image: image]

Figure 3.1 Symbol and functional table of a tristate buffer.



Because of the “high-impedance” state, the outputs of multiple tristate buffers can be tied together, as shown in Figure 3.2(b). The configuration indicates that y signal is driven by two gates. The circuit functions properly as long as only one enable signal is asserted at a time. On the other hands, it is a design error when a signal is driven by two normal gates, as shown in Figure 3.2(a), since conflict may occur (i.e., one gate outputs 0 and the other gate outputs 1). Thus, this type of configuration is not allowed in a normal design.


[image: image]

Figure 3.2 Wire driven by multiple circuits.



The logic data type is intended for the normal design and does not support multiple drivers. To model the tristate behaviors, we must use the tri or wire data type instead. The code segment to infer the tristate buffer in Figure 3.1 is


[image: image]

The difference between these data types is discussed in Section 8.4.3.

In today’s FPGA devices, a tristate buffer exists only in the I/O macro cell. It is used to implement a bidirectional port to better utilize a physical I/O pin. A simple example is shown in Figure 3.3. The dir signal controls the direction of signal flow of the bi pin. When it is 0, the tristate buffer is in a high-impedance state and the sig_out signal is blocked. The pin is used as an input port and the input signal is routed to the sig_in signal. When the dir signal is 1, the pin is used as an output port and the sig_out signal is routed to an external circuit. The HDL code can be derived according to the diagram:


[image: image]


[image: image]

Figure 3.3 Single-buffer bidirectional I/O port.



Note that the mode of the bi port must be declared as inout for the bidirectional operation and its data type is tri.

Synthesis of x
 
In some combinational circuits, certain input patterns may never occur and thus the output value is irrelevant. We frequently assign a “don’t-care” value to the output. During synthesis, the don’t-care will be assigned a value (either 0 or 1) that can help the optimization process. Consider the truth table shown in Table 3.5. We assume that the i will never be 11 and thus the corresponding output is specified as don’t-care. In synthesis, we can use x for the don’t-care value. One possible code for the previous table is

assign     y = (i==2’b00) ? 1’b0 : 
           (i==2’b01) ? 1’b1 : 
           (i==2’b10) ? 1’b1 : 
           1’bx; // i==2’b11 




Table 3.5 Truth table with don’t-care




	Input
i
	Output
y



	0 0
	0



	0 1
	1



	1 0
	 1



	1 1
	x





Although this approach helps minimize the circuit, it introduces a discrepancy between simulation and synthesis. In simulation, x is a unique value rather than “0 or 1”. If the input is 11 in simulation, the output becomes x and is not consistent with the synthesized result (which can be either 0 or 1). However, since the 11 pattern should never occur in the original specification, the appearance of the x value can be used to signal potential errors in the testbench.




3.2 ALWAYS BLOCK FOR A COMBINATIONAL CIRCUIT

As discussed in Section 1.4.4, an HDL body can be considered as a collection of concurrent constructs, each representing a circuit part. An always block is a type of “concurrent construct” and can be interpreted as a complex circuit part. It encapsulates procedural statements inside, which are executed sequentially and can describe the desired behavior of the circuit. An always block can be used to infer a combinational circuit or a register. We examine the former in this section and discuss the latter in the next chapter.


3.2.1 Overview of always block 

The simplified syntax of an always block with a sensitivity list (also known as an event control expression) is


[image: image]

The [sensitivity list] term is a list of signals and events to which the always block responds (i.e., is “sensitive to”). For a combinational circuit, all the input signals should be included in this list. The body is composed of any number of procedural statements. The begin and end delimiters can be omitted if there is only one procedural statement in the body. The @([sensitivity_list]) term is actually a timing control construct. It is usually the only timing control construct in a synthesizable always block.

To facilitate synthesis and reduce potential error, SystemVerilog introduces three additional variations of always block:


	alway_comb: to infer a combinational circuit 

	alway_ff: to infer a flip-flop or a register 

	alway_latch: to infer a latch.



The alway_comb block is discussed later in the section and the alway_ff block is discussed in Sections 4.2.

An always block can be treated as a circuit part. It can be suspended or activated. When any signal of the sensitivity list changes (which is known as an event), the part is activated and executes the internal procedural statements sequentially. Since there is no other timing control construct, the execution continues to the end and the part is suspended. It is kept suspended until the next event occurs. Thus, an always block actually “loops forever” and the initiation of each loop is controlled by the sensitivity list.

Note that an always block runs autonomously and continuously and its execution is similar to that of continuous assignment discussed in Section 1.4.4. However, while a continuous assignment just evaluates the right-hand-side expression, an always block executes a sequence of procedural statements each time activated.

From synthesis’ point of view, an always block can be thought of as a black box whose behavior is described by the internal procedural statements. The desired behavior must be implemented by physical hardware components. Procedural statements include a rich variety of constructs but many of them are intended for modeling and simulation and don’t have clear hardware counterparts. A poorly coded always block frequently leads to unnecessarily complex implementation or cannot be synthesized at all. Our focus is on design and synthesis and the discussion is only limited to the following procedural statements:


	Blocking assignment 

	Nonblocking assignment 

	If statement 

	Case statement 

	Simple loop statement



The blocking and nonblocking assignments are briefly reviewed in the next section. For synthesis, an if statement infers a priority routing network and is discussed in Section 3.4. An case statement infers a multiplexing routing network and is discussed in Section 3.5. A simple loop statement can be considered as a shorthand to infer replicated hardware structure and is discussed in Section 3.9.2.



3.2.2 Procedural assignment 

A procedural assignment can only be used within an always block or initial block. There are two types of assignments: blocking assignment and nonblocking assignment. Their basic syntax is


[image: image]

In a blocking assignment, the expression is evaluated and then assigned to the variable immediately, before execution of the next statement (the assignment thus “blocks” the execution of other statements). It behaves like the normal variable assignment in the C language. In a nonblocking assignment, the evaluated expression is assigned at the end of the always block (the assignment thus does not block the execution of other statements). The terms blocking and nonblocking are not very intuitive. When needed, we add an additional terms in our discussion, as in “blocking (immediate) assignment” and “nonblocking (deferred) assignment,” to highlight their characteristics and make them more descriptive.

The blocking and nonblocking assignments are based on the SystemVerilog timing model. Failing to comprehend their differences can lead to unexpected behavior or race conditions. A set of simple guidelines is given in Section 3.3. Following these guidelines can alleviate most subtle issues and help us develop reliable and robust codes. The timing model of nonblocking and blocking assignments and the rationales behind the guidelines are explained in detail in Section 8.1.4.

3.2.3 Conceptual examples

We use two examples to illustrate the basic concept of the always block. purposes of the codes are to highlight the sequential execution semantics. coding style is rather poor and should not be used for synthesis.

The one-bit comparator as we learned in Listing 1.1 can be described by an always block and its code is shown in Listing 3.1



Listing 3.1 One-bit comparator with always block


[image: image]

The circuit is described by one always block. When either i0 or i1 changes, the blocked is activated and the procedural statements are executed sequentially to the end. Note that Since the behavior of the blocking (immediate) assignment is the same as that of C, the code within the always block is just like a C code segment.

Synthesizing this type of code involves converting sequential semantics to hardware and it is very difficult and sometimes not impossible. Since this example is trivial, it can be done. The software can interpret the code as


[image: image]

and derive the hardware implementation, as shown in Figure 3.4(a).


[image: image]

Figure 3.4 Comparison of procedural and continuous assignments.



For comparisons, we can replace the blocking statement with the continuous assignments:


[image: image]

In this code, each continuous assignment infers a circuit part. The three appearances of tmp on the left-hand side imply that the three outputs are tied together. The corresponding circuit diagram is shown in Figure 3.4(b) and it is clearly not the desired circuit.

The two-bit comparator can be implemented by two always blocks and a continuous assignment, as shown in Listing 3.2



Listing 3.2 Two-bit comparator with two always blocks


[image: image]

The code contains three concurrent constructs. The two always blocks describe the behavior of two one-bit comparators. When a or b changes, both always blocks are activated at the same time and run concurrently. Their internal procedural statements are executed sequentially to obtain the one-bit comparison results, which in turn activate the continuous assignment to obtain the final value.

A combinational circuit is a circuit whose output is a function of current inputs. This implies that the all inputs should be included in the sensitivity list. It becomes tedious for a circuit with a large number of inputs. The alway_comb construct implicitly includes all input signals within the block. For example, the previous

always @(a, b) 
... 


can be replaced with

always_comb
... 

In the remaining of the is book, we use the always_comb construct when an always block is intended to describe a combinational circuit. The advantage of using always_comb is discussed in Section 3.7. and it is recommended by the guideline in Section 3.3.




3.3 CODING GUIDELINES

SystemVerilog has a complicated and somewhat flawed timing model. The non-blocking and blocking assignments frequently confuse the new users. Subtle differences in code can lead to unexpected behaviors, race conditions, or “nondeterministic” result.

A set of simple guides are used in practice to obtain reliable and robust codes. These guidelines are:


	Separate memory components (registers) into an individual code segment. 

	Use always_ff and nonblocking (deferred) assignments for a register. 

	Use always_comb and blocking (immediate) assignments for a combinational circuit. 

	Assign a variable only in a single always block.



The timing model of nonblocking and blocking assignments and the rationales behind the guidelines are explained in detail in Section 8.1.4.

After having a good comprehension of the SystemVerilog timing, the first guideline can be relaxed and other coding style can be explored. The other three guidelines should be followed closely.

Since we focus on combinational circuits in this chapter, only the last two guidelines are involved. The first two will be discussed in Section 4.1.4.



3.4 IF STATEMENT


3.4.1 Syntax 

The simplified syntax of an if statement is


[image: image]

The [boolean_expr] term is a Boolean expression and is evaluated first. If it is true, the statements in the following branch are executed. Otherwise, the statements in the else branch are executed. The else branch is optional and can be omitted. The begin and end delimiters can be omitted if there is only one procedural statement in a branch.

Multiple if statements can be “cascaded” to evaluate multiple Boolean conditions and establish priorities, as in


[image: image]

When synthesized, the if statements infer “priority routing” networks. This topic is discussed in Section 3.6.



3.4.2 Examples 

We use two simple examples to demonstrate use of the if statement. The first example is a priority encoder. The priority encoder has four requests, r[4], r[3], r[2], and r[1], which are grouped as a single 4-bit r input, and r[4] has the highest priority. The output is the binary code of the highest order request. The function table is shown in Table 3.6. The HDL code is shown in Listing 3.3.



Table 3.6 Function table of a four-request priority encoder




	Input
r
	Output
pcode



	1 ‒ ‒ ‒
	100



	0 1 ‒ ‒
	011



	0 0 1 ‒
	010



	0 0 0 1
	001



	0 0 0 0
	000







Listing 3.3 Priority encoder using an if statement


[image: image]

The code first checks the r[4] request and assigns 100 to pcode if it is asserted. It continues to check the r[3] request if r[4] is not asserted and repeats the process until all requests are examined.

The second example is a binary decoder. An n-to-2n binary decoder asserts one bit of the 2n-bit output according to the input combination. The functional table of a 2-to-4 decoder is shown in Table 3.7. The circuit also has a control signal, en, which enables the decoding function when asserted. The HDL code is shown in Listing 3.4.



Table 3.7 Truth table of a 2-to-4 decoder with enable




	Input
	Output



	en
	a(1)
	a(0)
	y



	0
	–
	–
	 0000



	1
	0
	0
	0001



	1
	0
	1
	0010



	1
	1
	0
	0100


	1
	 1
	1
	 1000







Listing 3.4 Binary decoder using an if statement


[image: image]

The code first checks whether en is not asserted. If the condition is false (i.e., en is 1), it tests the four binary combinations in sequence. Note that the Boolean expression (en==1’b0) can be written as (~en) as well.




3.5 CASE STATEMENT


3.5.1 Syntax 

The simplified syntax of a case statement is


[image: image]

A case statement is a multiway decision statement that compares the [case_expr] expression with a number of [item] expressions. The execution jumps to the branch whose [item] matches the current value of [case_expr]. If there are multiple matched [item] expressions, execution jumps to the branch of the first match. The last item can be an optional default keyword. It covers all the unspecified values of the [case_expr] expression. The begin and end delimiters can be omitted if there is only one procedural statement in a branch.



3.5.2 Examples 

We use the same priority encoder and decoder examples to demonstrate the use of the case statement. The functional table of a 2-to-4 decoder is shown in Table 3.7. The HDL code using a case statement is shown in Listing 3.5.



Listing 3.5 Binary decoder using a case statement


[image: image]

We can group multiple values into one item expression, as in line 10, if the identical statements are used for these values. Note that all possible values of the {en, a} expression are covered by the item expressions.

The function table of the priority encoder is shown in Table 3.6. The HDL code is shown in Listing 3.6.



Listing 3.6 Priority encoder using a case statement


[image: image]



3.5.3 The casez and casex statements 

There are two variations in addition to the regular case statement. In a casez statement, the z value and the ? character in the item expression are treated as don’t-care (i.e., the corresponding bit does not need to be matched). In a casex statement, the z and x values and the ? character in the item expression are treated as don’t-care. Since the z and x values may appear in simulation, the ? character is preferred.

For example, the previous priority encoder can be coded with a casez statement, as shown in Listing 3.7.


Listing 3.7 Priority encoder using a casez statement


[image: image]



3.5.4 Full case and parallel case 

In SystemVerilog, the case statement is defined as a multiway branch, as specified in Section 3.5.1. The item expressions do not need to include all values of the [case_expr] expression and some values can be matched more than once. Consider the following casez statement:


[image: image]

In this statement, the value 3’b111 is matched twice in the item expressions (once in 3’b111 and once in 3’b1??). Since the first match takes effect, y gets 1’b1 if s is 3’b111. If s is 3’b001, 3’b010, or 3’b011, there are no matches and y will “keep its previous value.”

In design practice, it is frequently desirable to have the item expressions of a case statement meet the following conditions:


	all-inclusive: all possible binary values of the [case_expr] expression are covered by the item expressions. 

	mutually-exclusive: a binary value appears in only one item expression (i.e., no overlapping binary value ). 



When the all-inclusive condition is met, the statement is known as a full case statement. For a combinational circuit, we must use a full case statement since each input combination should have an output value. We can add the default item to cover all the unmatched values. For example, the previous statement can be revised either as
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or as


[image: image]

When the mutually-exclusive condition is met, the statement is known as a parallel case statement. For example, the previous casez statement is not a parallel case statement since the value 3’b111 appears twice. The case statements of Listings 3.5 and 3.6 are parallel case statements.

When synthesized, the case and if statements inferred routing structures, which will be discussed in the next section. Since parallel and nonparallel case statements infer different types of structures, sometimes it is desirable to pass this information to the synthesis software. This can be done by using “software directive” and “attribute” in Verilog and by adding “modifier” in SystemVerilog.

In this book, we use the all-inclusive and mutually-exclusive case statements in all our design and express these conditions in code rather than applying these directives or attributes.

3.6	ROUTING STRUCTURE OF CONDITIONAL CONTROL CONSTRUCTS

We examine several conditional control language constructs, including the ?: operator and the if and case statements. In the C language, these constructs are executed sequentially. There is no “sequential” control in a combinational circuit. These constructs are realized by routing networks. All expressions are evaluated concurrently and the routing network routes the desired result to the output. There are two types of routing structures: priority routing network and multiplexing network, which are inferred by an if-else type statement and a parallel case statement, respectively.



3.6.1 Priority routing network 

A priority routing network is implemented by a sequence of 2-to-1 multiplexers. The diagram and truth table of a 2-to-1 multiplexer are shown in Figure 3.5(a). An if-else statement implies a priority routing network. Consider the following statement:

if (m==n) 
  r = a + b + c; 
else if (m > n) 
  r = a - b; 
else
  r = 	c + 1; 


[image: image]

Figure 3.5 Implementation of an if statement.



The conceptual diagram of the statement is shown in Figure 3.5(b). The two 2-to-1 multiplexers form the priority routing network and other components implement various Boolean and arithmetic expressions. If the first Boolean condition (i.e., m==n) is true, the result of a+b+c is routed to r. Otherwise, the data connected to port 0 are passed to r. The next Boolean condition (i.e., m>n) determines whether the result of a-b or c+1 is routed to the output.

Note that all the Boolean expressions and arithmetic expressions are evaluated concurrently. The outputs from the Boolean circuits set the selection signals of the multiplexers to route the desired value to r. The number of cascading stages increases proportionally to the number of if-else clauses. A large number of if-else clauses will lead to a long cascading chain and introduce a large propagation delay.

The conditional operator (?:) is like a simplified if-else statement and infers similar priority routing networks. A nonparallel case statement sets a preference on the first matched item and thus also infers similar priority routing networks. For example, consider the following case statement:

case (expr) 
  item1: statement1; 
  item2: statement2; 
  item3: statement3; 
  default : statement4 ; 
endcase

It can be translated to

if [expr == item1] 
  statement1 ; 
else if [expr == item2] 
  statement2 ; 
else if [expr == item3] 
  statement3 ; 
else 
  statement4 ;



3.6.2 Multiplexing network 

A multiplexing network is implemented by an n-to-1 multiplexer. The desired input port is specified by the selection signal and the corresponding input is routed to the output. The diagram and functional table of the 22-to-1 multiplexer are shown in Figure 3.6(a).

In a parallel case statement, we can map each value of the case expression to an input port of the multiplexer and connect the corresponding evaluated result to the port. The case expression is connected to the selection signal. The construction can best be explained by an example. Consider the following case statement:


[image: image]

The conceptual diagram of this statement is shown in Figure 3.6(b). The sel variable can assume four possible values: 00, 01, 10, and 11. It implies a 22-to-1 multiplexer with sel as the selection signal. The evaluated result of a+b+c is routed to r when sel is 00, the result of a-b is routed to r when sel is 10, and the result of c+1 is routed to r when sel is 01 or 11.


[image: image]

Figure 3.6 Implementation of a parallel case statement.



Again, note that all value expressions are evaluated concurrently. The sel variable is used as the selection signal to route the desired value to the output. The width (i.e., number of input ports) of the multiplexer increases geometrically with the number of bits of sel.

In general, the priority routing network is more effective when a preference is given under certain conditions, such as for a priority encoder, and the multiplexing network is more effective for a truth table or function table–based description, such as for a binary decoder.




3.7 ADDITIONAL CODING GUIDELINES FOR AN ALWAYS BLOCK

SystemVerilog is for both modeling and synthesis. While writing code for synthesis, we need to be aware of how the various language constructs are mapped to hardware. This is especially true for an always block since variables and procedural statements can be used within the block. We should remember that the purpose of the code is to infer hardware rather than describing a sequential algorithm in C. Failing to do so frequently leads to unsynthesizable codes, unnecessarily complex implementation, or a discrepancy between simulation and synthesis. In this section, we review some common errors and suggest additional coding guidelines.


3.7.1 Common errors in combinational circuit codes 

The following are common errors found in combinational circuit codes:


	Variable assigned in multiple always blocks 

	Incomplete sensitivity list 

	Incomplete branch and incomplete output assignment 



These errors are discussed below.

Variable assigned in multiple always blocks

In SystemVerilog, variables can be assigned (i.e., appear on the left-hand side) in multiple always blocks. For example, the y variable is shared by two always blocks is the following code segment:

always_comb 
  if (clear) y = 1’b0; 


always_comb 
  if (~clear) y = a & b; 


The code is syntactically correct but leads to a “race condition.” The details are discussed in Section 8.2.

The problem with the code can be best explained from the hardware perspective. Recall that each always block can be interpreted as a circuit part. The code above indicates that y is the output of both circuit parts and can be updated by each part. No physical circuit exhibits this kind of behavior and thus the code cannot be synthesized. We must group the assignment statements in a single always block, as in

always_comb 
  if ( clear ) 
    y = 1’b0; 
  else
    y = a & b; 

The guideline “assign a variable only in a single always block” is intended to prevent this error.

Incomplete sensitivity list

For a combinational circuit, the output is a function of input and thus any change in an input signal should activate the circuit. This implies that all input signals should be included in the sensitivity list. For example, a two-input and gate can be written as


[image: image]

If we forget to include b, the code becomes


[image: image]

Although the code is still syntactically correct, its behavior is very different. When a changes, the always block is activated and y gets the value of a&b. When b changes, the always block remains suspended since it is not “sensitive to” b and y keeps its previous value. No physical circuit exhibits this kind of behavior. Most synthesis software will issue a warning message and infer the and gate instead. However, the simulation software still models the intended behavior and hence introduces a discrepancy between simulation and synthesis.

The alway_comb construct implicitly includes all input signals within the block and thus can eliminate this error. This is the rationale behind the “use always_comb and blocking (immediate) assignments for a combinational circuit” guideline.

In Verilog-2001, a special notation @*, as in

always @*

Verilog FYI

can also implicitly include all the input signals. However, it will not generate a warning for incomplete output assignment (discussed in the next subsection) and thus alway_comb is preferred.

Incomplete branch and Incomplete output assignment

A combinational circuit is a circuit whose output is a function of current inputs. The circuit should not contain any internal state (i.e., memory). The SystemVerilog standard specifies that a variable will keep its previous value if it is not assigned a value in an always block. During synthesis, this infers an internal state (via a closed feedback loop) or a memory element (such as a latch). Incomplete branch and incomplete output assignment causes some variables to remain unassigned and leads to unintended memory in a combinational circuit.

To ensure that all outputs are assigned proper values all the time, we should observe the following rules while developing code for the combinational circuit:


	Include all the branches of an if or case statement. 

	Assign a value to every output signal in every branch. 



Consider the following code segment, which intends to describe a circuit that generates greater-than (i.e., gt) and equal-to (i.e., eq) output signals:


[image: image]

The segment violates both rules.

Let us first examine the incomplete branch error. There is no else branch in the segment. If both the a>b and a==b expressions are false, both gt and eq are not assigned values. According to SystemVerilog definition, they keep their previous values (i.e., the outputs depend on the internal state) and unintended latches are inferred.

The segment also has incomplete output assignment errors. For example, when the a>b expression is true, eq is not assigned a value and thus will keep its previous state. A latch will be inferred accordingly.

There are two ways to fix the errors. The first is to add the else branch and explicitly assign all output variables. The code becomes


[image: image]

The alternative is to assign a default value to each variable in the beginning of the always block to cover the unspecified branch and unassigned variable. The code becomes


[image: image]

Both gt and eq assume 0 if they are not assigned a value later.

The case statement experiences the same errors if some values of the [case expr] expression are not covered by the item expressions (i.e., not a full-case statement). Consider the following code segment:


[image: image]

The 2’b01 value is not covered by any branch. If s assumes this combination, y will keep its previous value and an unintended latch is inferred. To fix the error, we must ensure that y is assigned a value all the time. One way to do this is to use the default keyword at the end to cover all the unspecified values. We can either replace the last item expression:


[image: image]

or add a new item expression with the don’t-care value:


[image: image]

Alternatively, we can assign a default value in the beginning of the always block:


[image: image]

SystemVerilog uses the always_comb construct to alleviate the problem. It conveys the designer intention that the designated always block is a combinational circuit. If an unintended memory element is inferred, the software will generate a warning. While the construct cannot eliminate the problem, it makes us aware of the existence of a coding error.

If we really want to infer a memory component, we should use the always_ff or always_latch construct to convey our intention.



3.7.2 Guidelines 

The always block is a flexible and powerful language construct. However, it must be used with care to infer correct and efficient circuits and to avoid any discrepancy between synthesis and simulation. Two key coding guidelines for combinational circuits are discussed earlier in Section 3.3:


	Use always_comb and blocking (immediate) assignments for a combinational circuit. 

	Assign a variable only in a single always block. 



The following are the additional guidelines for the description of combinational circuits:


	Think procedure statements in code as hardware parts, not as a sequential C algorithm. 

	Assign a variable only in a single always block. 

	Make sure that all branches of the if and case statements are included. 

	Make sure that the outputs are assigned in all branches. 

	One way to satisfy the two previous guidelines is to assign default values for outputs in the beginning of the always block. 

	Describe the desired full case and parallel case in code rather than using software directives or attributes. 

	Be aware of the type of routing network inferred by different control constructs. 

	Use a loop statement as shorthand to describe replicated structure (discussed later in Section 3.9.2). 






3.8 PARAMETER AND CONSTANT


3.8.1 Constant 

The HDL code frequently uses constant values in expressions and array boundaries. These values are fixed within the module and cannot be modified. One good design practice is to replace the “hard literals” with symbolic constants. It makes the code clear and helps future maintenance and revision. In SystemVerilog, a constant can be declared using the localparam (for “local parameter”) keyword. For example, we can declare the width and range of a data bus as
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or define a symbolic port name:


[image: image]

The expression in the declaration, such as 2**DATA_WIDTH-1, is evaluated during preprocessing and thus infers no physical circuit. In this book, we use capital letters for constants.

The use of a constant can best be explained by an example. Consider the code of an adder with the carry-out bit. One way to do it is to extend the input manually by 1 bit, perform the regular addition, and extract the MSB of the summation as the carry-out bit. The code is shown in Listing 3.8.


Listing 3.8 Adder using a hard literal


[image: image]

The code is for a 4-bit adder. Hard literals, such as 3 and 4, are used for the ranges, as in logic [4:0] and sum_ext[3:0], and the MSB, as in sum_ext[4]. If we want to revise the code for an 8-bit adder, these literals have to be modified manually. This will be a tedious and error-prone process if the code is complex and the literals are referred to in many places.

To improve readability, we can use a symbolic constant, N, to represent the number of bits of the adder. The revised code is shown in Listing 3.9.


Listing 3.9 Adder using constants


[image: image]

The constant makes the code easier to understand and maintain.



3.8.2 Parameter 

A SystemVerilog module can be instantiated as a component and becomes a part of a larger design, as discussed in Section 1.5. SystemVerilog provides a construct, known as a parameter, to pass information into a module. This mechanism makes the module versatile and reusable. A parameter cannot be modified inside the module and thus functions like a constant.

A parameter declaration section can be added in the header, before the port declaration. Its simplified syntax is


[image: image]

For example, the previous adder code can be modified to use the adder width as a parameter, as shown in Listing 3.10.



Listing 3.10 Adder using a parameter


[image: image]

The N parameter is declared with a default value of 4. After N is declared, it can be used in the port declaration and module body, just like a constant.

If the adder is later used as a component in other code, we can assign a desired value to the parameter during component instantiation and override the default value. Similar to the port connection discussed in Section 1.5, parameter assignment can be done either by name or by ordered list. A potential problem of the byordered-list scheme is discussed in Section 1.5 and we always use the by-name scheme in this book. The default value will be used if the parameter assignment is omitted. The use of the parameter in component instantiation is demonstrated in Listing 3.11.


Listing 3.11 Adder instantiation example


[image: image]

A parameter provides a mechanism to create scalable code, in which the “width” of a circuit can be adjusted to meet a specific need. This makes code more portable and encourages design reuse.




3.9 REPLICATED STRUCTURE

Many digital circuits exhibit a well-patterned structure, such as a one-dimensional cascading chain or a two-dimensional mesh, and can be implemented as a repetitive composition of basic building blocks. A replicated structure can be described by the generate-for and procedural-for statements. The former is a concurrent language construct and the latter is a procedural statement to be used within an always block.


3.9.1 Generate-for statement 

A generate statement in SystemVerilog specifies the generation of various hardware objects. A “for loop” scheme can be used within the generate statement to produce replicated structure with simpler building blocks. The simplified syntax is
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This generate statement repeats the loop body of concurrent statements for a fixed number of iterations. The characteristic of the iterations is specified by the for-loop statement, whose syntax is similar to the for-loop statement of C. The following example specifies a 10-iteration loop:

for (i = 0; i < 10; i = i + 1) 

The loop boundaries has to be static, which means that it has to be determined before the time of execution (synthesis). The boundary values are frequently derived from the parameters to create scalable and reusable codes. The index variables can be declared within the generate statement and it must be the genvar type, which behaves like an integer.

The loop body represents a stage of the iterative circuit and it contains a collection of concurrent constructs, which can be continuous statements, module instantiations, and always blocks. During synthesis, the loop is “unrolled” and flattened. The begin and end delimiters can be omitted if there is only one concurrent construct.



3.9.2 Procedural-for statement 

SystemVerilog consists of several types of procedural loop statements. Most of them are for modeling and testbench development and cannot be easily synthesized. We only use a simple for-loop procedure statement in the book and use it to describe the replicated structure.

The simplified syntax is
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The procedural for loop can only be used within an always block and its semantics similar to that in C. For the synthesizable description, the loop boundaries has to be static. The loop body represents a stage of the iterative circuit and the loop is “unrolled” and flattened during synthesis.

For synthesis purposes, it should be treated as a “shorthand” of repetitive procedural statements rather than a sequential control mechanism. Only simple procedural statements should be included in the body.



3.9.3 Example 

We use a reduced-xor circuit to demonstrate the use of the for-generate statement. A reduced-xor function is to apply xor operations over all bits of an input signal. For example, let a4a3a2a1a0 be a 5-bit signal. The reduced-xor operation of this signal is


[image: image]

Since this function returns ’1’ if there are odd number of 1’s in its input, it can be used to determine the odd parity of the input signal. SystemVerilog has a built-in reduced-xor operator. However, for the demonstration purposes, we construct the circuit from scratch.

The reduced-xor circuit can be constructed with a linear cascading chain, as shown in Figure 3.7. The basic building block in a stage is a two-input xor gate. We divide the chain into stages and number the stages from left to right, starting at the 0th stage, and name the intermediate results the p signal. The diagram show that there is a clear relationship between the two input signals and the output signal of an xor gate. For the ith stage, the three signals can be expressed as

p[i] = a[i] ^ p[i-1]; 


[image: image]

Figure 3.7 Reduced-xor circuit.



Based on this equation, we can derive the HDL code using a generate-for statement. The code is shown in Listing 3.12. The loop body iterates N-1 times and thus infers N-1 xor gates.



Listing 3.12 Reduced-xor circuit using a generate statement


[image: image]

During synthesis, the for loop is unrolled and flattened and becomes

assign p[1] = a[1] ^ p[0]; 
assign p[2] = a[2] ^ p[1]; 
assign p[3] = a[3] ^ p[2]; 
... 
assign p[7] = a[7] ^ p[6]; 


The circuit is then derived accordingly.

The same circuit can also be described by an always block with a procedural for statement. The code is shown in Listing 3.13.


Listing 3.13 Reduced-xor circuit using a procedural loop statement


[image: image]

Again, the for loop is unrolled and flattened during synthesis and becomes

tmp = a[1] ^ tmp; 
tmp = a[2] ^ tmp; 
tmp = a[3] ^ tmp; 
... 
tmp = a[7] ^ tmp; 


The synthesis software then needs to convert the sequential execution semantics to hardware. Since the code segment is trivial, it can be accomplished for this particular example.




3.10 DESIGN EXAMPLES


3.10.1 Hexadecimal digit to seven-segment LED decoder 

The sketch of a seven-segment LED, display is shown in Figure 3.8(a). It consists of seven LED bars and a single round LED decimal point. On the prototyping board, the seven-segment LED is configured as active low, which means that an LED segment is lit if the corresponding control signal is ’0’.


[image: image]

Figure 3.8 Seven-segment LED display and hexadecimal patterns.



A hexadecimal digit to seven-segment LED decoder treats a 4-bit input as a hexadecimal digit and generates appropriate LED patterns, as shown in Figure 3.8(b). For completeness, we assume that there is also a 1-bit input, dp, which is connected directly to the decimal point LED. The LED control signals, dp, g, f, e, d, c, b, and a, are grouped together as a single 8-bit signal, sseg. The code is shown in Listing 3.14. It uses one selected signal assignment statement to list all the desired patterns for the seven LSBs of the sseg signal. The MSB is connected to dp.



Listing 3.14 Hexadecimal digit to seven-segment LED decoder
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The Nexsy 4 DDR board contains an eight-digit seven-segment LED display and the Basys 3 board contains a four-digit seven-segment LED display. To facilitate both boards, our discussion focuses on a four-digit display in Part I of the book. We extend the design to an eight-digit display in Chapter 15 of Part III.

To save the number of I/O pins, a time-multiplexing scheme is sometimes used in a multi-digit seven-segment LED display. The block diagram of a four-digit timemultiplexing module, disp_mux, is shown in Figure 3.9(a). The inputs are in0, in1, in2, and in3, which correspond to four 8-bit seven-segment LED patterns, and the outputs are an, which is a 4-bit signal that enables the four displays individually, and sseg, which is the shared 8-bit signal that controls the eight LED segments. The circuit generates a properly timed enable signal and routes the four input patterns to the output alternatively. The design of this module is discussed in Chapter 4. For now, we just treat it as a black box that takes four seven-segment LED patterns, and instantiate it in the code.


[image: image]

Figure 3.9 LED time-multiplexing module and decoder testing circuit.



Testing circuit 

We use a simple 8-bit increment circuit to verify operation of the decoder. The sketch is shown in Figure 3.9(b). The sw input is connected to eight slide switches of the prototyping board. It is fed to an incrementor to obtain sw+1. The original and incremented sw signals are then passed to four decoders to display the four hexadecimal digits on the right four digits of the seven-segment LED display. The code is shown in Listing 3.15.


Listing 3.15 Hex-to-LED decoder testing circuit
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We can follow the procedure in Appendix A.2 to synthesize and implement the circuit on the prototyping board. The disp_mux.sv file, which contains the code for the time-multiplexing module, and the constraint file must be included in the Xilinx Vivado project during synthesis.



3.10.2 Sign-magnitude adder 

An integer can be represented in sign-magnitude format, in which the MSB is the sign and the remaining bits form the magnitude. For example, 3 and ‒3 become ”0011” and ”1011” in 4-bit sign-magnitude format.

A sign-magnitude adder performs an addition operation in this format. The operation can be summarized as follows:

	If the two operands have the same sign, add the magnitudes and keep the sign. 

	If the two operands have different signs, subtract the smaller magnitude from the larger one and keep the sign of the number that has the larger magnitude. 



One possible implementation is to divide the circuit into two stages. The first stage sorts the two input numbers according to their magnitudes and routes them to the max and min signals. The second stage examines the signs and performs addition or subtraction on the magnitude accordingly. Note that since the two numbers have been sorted, the magnitude of max is always larger than that of min and the final sign is the sign of max.

The code is shown in Listing 3.16, which realizes the two-stage implementation scheme. A parameter, N, is used to represent the width of the adder. For clarity, we split the input number internally and use separate sign and magnitude signals.


Listing 3.16 Sign-magnitude adder
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Testing circuit

We use a 4-bit sign-magnitude adder to verify the circuit operation. The sketch of the testing circuit is shown in Figure 3.10. The two input numbers are connected to eight slide switches, and the sign and magnitude are shown on two right digits of the seven-segment LED display. The rightmost LED digit shows the 3-bit magnitude, which is appended with a ’0’ in front and fed to the hexadecimal to seven-segment LED decoder. The next LED digit displays the sign bit, which is blank for the plus sign and is lit with a middle LED segment for the minus sign.


[image: image]

Figure 3.10 Sign-magnitude adder testing circuit.



The two LED patterns are then fed to the time-multiplexing module, disp_mux, as explained in Section 3.10.1.

Two pushbuttons are used as the selection signal of a multiplexer to route an operand or the sum to the display circuit. Five general-purpose pushbutton switches are available on the Nexys 4 DDR and Basys 3 prototyping boards and are labeled btnc (center), btnl (left), btnd (down), btnr (right), and btnu (up). To reduce the number of input ports in entity declaration, we group all pushbutton inputs into one multi-bit signal, btn, in which the LSB (i.e., btn[0]) corresponds to btnu and the remaining indexes are increased clockwise.

The code follows the block diagram and is shown in Listing 3.17.


Listing 3.17 Sign-magnitude adder testing circuit
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3.10.3 Barrel shifter 

Although SystemVerilog has built-in shift functions, they sometimes cannot be synthesized automatically. In this subsection, we examine an 8-bit barrel shifter that rotates an arbitrary number of bits to right. The circuit has an 8-bit data input, a, and a 3-bit control signal, amt, which specifies the amount to be rotated. The first design uses a selected signal assignment statement to exhaustively list all combinations of the amt signal and the corresponding rotated results. The code is shown in Listing 3.18.


Listing 3.18 Barrel shifter using a case statement
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While the code is straightforward, it will become cumbersome when the number of input bits increases. Furthermore, a large number of choices implies a wide multiplexer, which makes synthesis difficult and leads to a large propagation delay. Alternatively, we can construct the circuit by stages. In the nth stage, the input signal is either passed directly to output or rotated right by 2n positions. The nth stage is controlled by the nth bit of the amt signal. Assume that the 3 bits of amt are m2m1m0. The total rotated amount after three stages is m222 + m121 + m020, which is the desired rotating amount. The code for this scheme is shown in Listing 3.19.


Listing 3.19 Barrel shifter using multi-stage shifts
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Testing circuit

To test the circuit, we can use eight slide switches for the a signal, three pushbutton switches for the amt signal, and the eight discrete LEDs for the output.

A top-level HDL file is created to wrap the barrel shifter circuit and maps its signals to the prototyping board’s signals. The code is shown in Listing 3.20.


Listing 3.20 Barrel shifter testing circuit


[image: image]



3.10.4 Simplified floating-point adder 

Floating point is another format to represent a number. With the same number of bits, the range in floating-point format is much larger than that in signed integer format. Although SystemVerilog has a built-in floating-point data type, it is too complex to be synthesized automatically.

Detailed discussion of floating-point representation is beyond the scope of this book. We use a simplified 13-bit format in this example and ignore the round-off error. The representation consists of a sign bit, s, which indicates the sign of the number (1 for negative); a 4-bit exponent field, e, which represents the exponent; and an 8-bit significand field, f, which represents the significand or the fraction. In this format, the value of a floating-point number is (‒1)s * . f * 2e. The .f * 2e is the magnitude of the number and (‒1)s is just a formal way to state that “s equal to 1 implies a negative number.” Since the sign bit is separated from the rest of the number, floating-point representation can be considered as a variation of the sign-magnitude format.

We also make the following assumptions:


	Both exponent and significand fields are in unsigned format. 

	The representation has to be either normalized or zero. Normalized representation means that the MSB of the significand field must be ’1’. If the magnitude of the computation result is smaller than the smallest normalized nonzero magnitude, 0.10000000 * 20000, it must be converted to zero. 



Under these assumptions, the largest and smallest nonzero magnitudes are 0.11111111* 21111 and 0.10000000 * 20000, and the range is about 216 [image: image].

Our floating-point adder design follows the process of adding numbers manually in scientific notation. This process can best be explained by examples. We assume that the widths of the exponent and significand are 1 and 2 digits, respectively. Decimal format is used for clarity. The computations of several representative examples are shown in Figure 3.11. The computation is done in four major steps:
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Figure 3.11 Floating-point addition examples.




	Sorting: puts the number with the larger magnitude on the top and the number with the smaller magnitude on the bottom (we call the sorted numbers “big number” and “small number”). 

	Alignment: aligns the two numbers so that they have the same exponent. This can be done by adjusting the exponent of the small number to match the exponent of the big number. The significand of the small number has to shift to the right according to the difference in exponents. 

	Addition/subtraction: adds or subtracts the significands of two aligned numbers. 

	Normalization: adjusts the result to normalized format. Three types of normalization procedures may be needed: 

	After a subtraction, the result may contain leading zeros in front, as in example 2. 

	After a subtraction, the result may be too small to be normalized and thus needs to be converted to zero, as in example 3. 

	After an addition, the result may generate a carry-out bit, as in example 4. 





Our binary floating-point adder design uses a similar algorithm. To simplify the implementation, we ignore the rounding. During alignment and normalization, the lower bits of the significand will be discarded when shifted out. The design is divided into four stages, each corresponding to a step in the foregoing algorithm. The suffixes, b, s, a, r, and n, used in signal names are for “big number,” “small number,” “aligned number,” “result of addition/subtraction,” and “normalized number,” respectively. The code is developed according to these stages, as shown in Listing 3.21.


Listing 3.21 Simplified floating-point adder
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The circuit in the first stage compares the magnitudes and routes the big number to the signb, expb, and fracb signals and the smaller number to the signs, exps, and fracs signals. The comparison is done between exp1&frac1 and exp2&frac2. It implies that the exponents are compared first, and if they are the same, the significands are compared.

The circuit in the second stage performs alignment. It first calculates the difference between the two exponents, which is expb-exps, and then shifts the significand, fracs, to the right by this amount. The aligned significand is labeled fraca.

The circuit in the third stage performs sign-magnitude addition, similar to that in Section 3.10.2. Note that the operands are extended by 1 bit to accommodate the carry-out bit.

The circuit in the fourth stage performs normalization, which adjusts the result to make the final output conform to the normalized format. The normalization circuit is constructed in three segments. The first segment counts the number of leading zeros. It is somewhat like a priority encoder. The second segment shifts the significands to the left by the amount specified by the leading-zero counting circuit. The last segment checks the carry-out and zero conditions and generates the final normalized number.

The floating-point adder has two 13-bit input operands and one 13-bit output sum. It is difficult to test the circuit on the prototyping board. A testbench can be developed to verify its operation with input patterns similar to those discussed in Figure 3.11.




3.11 BIBLIOGRAPHIC NOTES

Verilog HDL, 2nd edition, by S. Palnitkar and Starter’s Guide to Verilog 2001 by M. D. Ciletti provide detailed coverage of Verilog’s syntax and constructs. The article “The IEEE Verilog 1364-2001 Standard: What’s New, and Why You Need It” by S. Sutherland summarizes the new features. The article “"full case parallel case", the Evil Twins of Verilog Synthesis” by C. E. Cummings examines the caveats of the full-case and parallel-case directives, and his other article, “New Verilog-2001 Techniques for Creating Parameterized Models,” discusses the advantage of Verilog-2001’s new parameter passing scheme.



3.12 SUGGESTED EXPERIMENTS


3.12.1 Multi-function barrel shifter 

Consider an 8-bit shifting circuit that can perform a rotating-right or a rotating-left operation. An additional 1-bit control signal, lr, specifies the desired direction.


	Design the circuit using one rotate-right circuit, one rotate-left circuit, and one 2-to-1 multiplexer to select the desired result. Derive the code. 

	Derive a testbench and use simulation to verify operation of the code. 

	Synthesize the circuit, program the FPGA, and verify its operation. 

 	This circuit can also be implemented by one rotate-right shifter with pre-and post-reversing circuits. The reversing circuit either passes the original input or reverses the input bitwise (e.g., if an 8-bit input is a7a6a5a4a3a2a1a0, the reversed result becomes a0a1a2a3a5a5a6a7). Repeat steps 2 and 3. 

	Check the report files and compare the number of logic cells and propagation delays of the two designs. 

	Expand the code for a 16-bit circuit and synthesize the code. Repeat steps 1 to 5. 

	Expand the code for a 32-bit circuit and synthesize the code. Repeat steps 1 to 5. 





3.12.2 Parameterized barrel shifter 

The barrel shifter discussed in Section 3.10.3 only accepts an eight-bit input signal. We want to construct a parameterized module, in which the input width can be specified by a parameter. To simplified the design, we assume that width of the input is 2N and the N is used as the parameter.


	Design the circuit and derive the code. 

	Derive a testbench and use simulation to verify operation of the code. 

	Design a testing circuit for a 16-bit input and derive the code. 

	Synthesize the circuit, program the FPGA, and verify its operation. 





3.12.3 Dual-priority encoder 

A dual-priority encoder returns the codes of the highest or second-highest priority requests. The input is a 12-bit req signal and the outputs are first and second, which are the 4-bit binary codes of the highest and second-highest priority requests, respectively.


	Design the circuit and derive the code. 

	Derive a testbench and use simulation to verify operation of the code. 

	Design 	a testing circuit that displays the two output codes on the seven-segment LED display of the prototyping board, and derive the code. 

	Synthesize the circuit, program the FPGA, and verify its operation. 





3.12.4 BCD incrementor 

The binary-coded-decimal (BCD) format uses 4 bits to represent 10 decimal digits. For example, 25910 is represented as ”0010 0101 1001” in BCD format. A BCD incrementor adds 1 to a number in BCD format. For example, after incrementing, ”0010 0101 1001” (i.e., 25910) becomes ”0010 0110 0000” (i.e., 26010).

	Design a three-digit 12-bit incrementor and derive the code. 

	Derive a testbench and use simulation to verify operation of the code. 

	Design a testing circuit that displays three digits on the seven-segment LED display and derive the code. 

	Synthesize the circuit, program the FPGA, and verify its operation. 





3.12.5 Floating-point greater-than circuit 

A floating-point greater-than circuit compares two floating-point numbers and asserts output, gt, when the first number is larger than the second number. Assume that the two numbers are represented in the format discussed in Section 3.10.4.

	Design the circuit and derive the code. 

	Derive a testbench and use simulation to verify operation of the code. 

	Design a testing circuit and derive the code. 

	Synthesize the circuit, program the FPGA, and verify its operation. 





3.12.6 Floating-point and signed integer conversion circuit 

A number may need to be converted to different formats in a large system. Assume that we use the 13-bit format in Section 3.10.4 for the floating-point representation and the 8-bit signed data type for the integer representation. An integer-tofloating-point conversion circuit converts an 8-bit integer input to a normalized, 13-bit floating-point output. A floating-point-to-integer conversion circuit reverses the operation. Since the range of a floating-point number is much larger, conversion may lead to the underflow condition (i.e., the magnitude of the converted number is smaller than ”00000001”) or the overflow condition (i.e., the magnitude of the converted number is larger than ”01111111”).


	Design an integer-to-floating-point conversion circuit and derive the code. 

	Derive a testbench and use simulation to verify operation of the code. 

	Design a testing circuit and derive the code. 

	Synthesize the circuit, program the FPGA, and verify its operation. 

	Design a floating-point-to-integer conversion circuit. In addition to the 8-bit integer output, the design should include two status signals, uf and of, for the underflow and overflow conditions. Derive the code and repeat steps 2 to 4. 





3.12.7 Enhanced floating-point adder 

The floating-point adder in Section 3.10.4 discards the lower bits when they are shifted out (it is known as round to zero). A more accurate method is to round to the nearest even, as defined in the IEEE Standard for Binary Floating-Point Arithmetic (IEEE Std 754). Three extra bits, known as the guard, round, and sticky bits, are required to implement this method. If you have previously learned floating-point arithmetic, modify the floating-point adder in Section 3.10.4 to accommodate the round-to-the-nearest-even method.







CHAPTER 4
REGULAR SEQUENTIAL CIRCUIT 

A sequential circuit is a circuit with memory. Modern development follows synchronous design methodology and uses a common clock signal to control storage elements. In this chapter, we describe the HDL codes for basic storage elements and introduce the design and coding of “regular sequential circuits,” in which the state transitions in the circuit exhibit a “regular” pattern, as in a counter or shift register.


4.1 INTRODUCTION

A sequential circuit is a circuit with memory, which forms the internal state of the circuit. Unlike a combinational circuit, in which the output is a function of input only, the output of a sequential circuit is a function of the input and the internal state. The synchronous design methodology is the most commonly used practice in designing a sequential circuit. In this methodology, all storage elements are controlled (i.e., synchronized) by a global clock signal and the data is sampled and stored at the rising or falling edge of the clock signal. It allows designers to separate the storage components from the circuit and greatly simplifies the development process. This methodology is the most important principle in developing a large, complex digital system and is the foundation of most synthesis, verification, and testing algorithms. All designs in the book follow this methodology.


4.1.1 D FF and register 

The most basic storage component in a sequential circuit is a D-type flip-flop (D FF). The symbol and function table of a positive edge-triggered D FF are shown in Figure 4.1(a). The value of the d signal is sampled at the rising edge of the clk signal and stored to the FF. A D FF may contain an asynchronous reset signal to clear the FF to ’0’. Its symbol and function table are shown in Figure 4.1(b). Note that the reset operation is independent of the clock signal.


[image: image]

Figure 4.1 Block diagram and functional table of a D FF.



A D FF provides 1-bit storage. A collection of D FFs can be grouped together to store multiple bits and is known as a register.



4.1.2 Basic block system 

The block diagram of a synchronous system is shown in Figure 4.2. It consists of the following parts:


	State register: a collection of D FFs controlled by the same clock signal 

	Next-state logic: combinational logic that uses the external input and internal state (i.e., the output of register) to determine the new value of the register 

	Output logic: combinational logic that generates the output signal 




[image: image]

Figure 4.2 Block diagram of a synchronous system.





4.1.3 Code development 

Our code development follows the basic block diagram in Figure 4.2. The key is to separate the memory component (i.e., the register) from the system. Once the register is isolated, the remaining portion is a pure combinational circuit, and the coding and analysis schemes discussed in previous chapters can be applied accordingly. While this approach may make the code somewhat more cumbersome at times, it helps us better visualize the circuit architecture and avoid unintended memory and subtle mistakes.

Based on the characteristics of the next-state logic, we divide sequential circuits into three categories:


	Regular sequential circuit. The state transitions in the circuit exhibit a “regular” pattern, as in a counter or shift register. The next-state logic is constructed primarily by a predesigned, “regular” component, such as an incrementor or shifter. 

	FSM. The state transitions in the circuit do not exhibit a simple, repetitive pattern. The next-state logic is constructed by “random logic” and synthesized from scratch. It should be called a random sequential circuit, but is commonly known as an FSM (finite state machine). 

	FSMD. The circuit consists of a regular sequential circuit and an FSM. The two parts are known as a data path and a control path, and the complete circuit is known as an FSMD (FSM with data path). This type of circuit is used to implement an algorithm represented by register-transfer (RT) methodology, which describes system operation by a sequence of data transfers and manipulations among registers. 



The three types of circuits are discussed in this and two subsequent chapters.



4.1.4 Sequential circuit coding guidelines and style 

A set of simple guides are provided in Section 3.3 and are repeated here:

	Separate memory components (registers) into an individual code segment. 

	Use always_ff and nonblocking (deferred) assignments for a register. 

	Use always_comb and blocking (immediate) assignments for a combinational circuit. 

	Assign a variable only in a single always block.



The first two guidelines concern the coding of sequential circuit.

The first guideline recommends to separate the register and the combinational logic (i.e., the next-state logic and output logic) and code the register as an isolated always block. The resulting code segments mirror the block diagram and the description can be easily mapped to a physical implementation. One common problem encountered by new HDL users is the confusion over a registered and a combinational output and the inference of unintended latches and buffers. This coding style can help us relate more closely to “hardware” and have a better “mental picture” of the intended physical organization. Thus, except for trivial cases, we use this style throughout the book.

Because of the multiple segments and additional internal signals, the resulting code tends to be longer. The alternative coding style is to relax the first guideline and to combine the register and combinational logic in the same segment. It is more compact but harder to identify the next-state logic. This coding style is discussed in Section 8.3. It should be used after we have a good understanding of the hardware design and SystemVerilog timing model.




4.2 HDL CODE OF THE FF AND REGISTER

The coding practice in this book separates the memory component into an individual code segment, as discussed in the previous section. We use three types of components:


	D FF 

	Register 

	Register file and synchronous SRAM (static RAM). 



The coding of FFs and registers is described in the following subsections and the last item is discussed in Chapter 7.

A latch can also maintain an internal state but does not get triggered by a clock edge. Its timing is very difficult to manage, so it is seldom used in today’s design. We do not discuss latches in this book.


4.2.1 D FF 

We consider four types of D FFs:

	D FF without asynchronous reset 

	D FF with asynchronous reset 

	D FF with synchronous clear 

	D FF with synchronous enable 



The first two are the most basic memory components and can be found in the library of any device technology. All other types of FFs can be constructed from the two basic types.

Although the last two memory components can be derived from the basic D FF, we include the code because they are the frequently used memory components and can be mapped directly to FPGA device’s logic cell.

D FF without asynchronous reset

The function table of a D FF is shown in Figure 4.1(a) and the code is shown in Listing 4.1.



Listing 4.1 D FF without asynchronous reset


[image: image]

The rising edge is expressed by the posedge clk event in the sensitivity list. The posedge (for “positive edge”) keyword specifies the direction of the clk signal changing toward 1. It indicates that the always_ff block is activated only at the rising edge of the clk signal, a condition reflecting the characteristics of an edge-triggered FF. The d signal is not included in the sensitive list. This is consistent with the fact that the d signal is sampled only at the rising edge of the clk signal, and a change in its value does not trigger any immediate response.

Note that the code follows the two key points of the coding guideline for a register:

	Use nonblocking (deferred) assignment. 

	Use always_ff block. 



The issue with a blocking (deferred) assignment is discussed in Section 8.2.

A normal always block can be used for description, as in

always @( posedge clk ) 
   q <= d; 


and it infers the same circuit. The always_ff block just conveys that a register should be inferred by the subsequent code. It helps the synthesis software check the code and provides better documentation and thus we use it through the book.

Verilog FYI

The always_latch block indicates that a latch should be inferred by the subsequent code. We do not use it in this book.

D FF with asynchronous reset

A D FF may contain an asynchronous reset signal, as shown in the function table of Figure 4.1(b). The signal clears the D FF to ’0’ any time and is not controlled by the clock signal. It actually has a higher priority than the regularly sampled input. Using an asynchronous reset signal violates the synchronous design methodology and thus should be avoided in normal operation. Its major application is to perform system initialization. For example, we can generate a short reset pulse to force a system to an initial state after turning on the power. The code for a D FF with an asynchronous reset is shown in Listing 4.2.



Listing 4.2 D FF with asynchronous reset


[image: image]

Note that the reset signal is included in the sensitivity list, and its condition is checked before the rising-edge condition.

D FF with synchronous enable

A D FF may include an additional control signal, en, to enable the FF to sample the input value. Its symbol and functional table are shown in Figure 4.1(c). Note that the en signal is examined only at the rising edge of the clock and thus is synchronous.

The enabling feature of this D FF is useful in maintaining synchronism between a fast subsystem and a slow subsystem. For example, suppose that the operation rates of a fast and a slow subsystem are 100M Hz and 1M Hz. Instead of using a derived 1M-Hz clock to drive the slow subsystem, we can generate a periodic enable tick that is asserted one clock cycle every 100 clock cycles. The slow subsystem is disabled (i.e., keeps the previous state) for the remaining 99 clock cycles. The same scheme can also be applied to eliminate a gated clock signal.

Since the enable signal is synchronous, this circuit can be constructed by a regular D FF and simple next-state logic. The code is shown in Listing 4.3, and its block diagram is shown in Figure 4.3.



Listing 4.3 Two-segment coding style for a D FF with synchronous enable


[image: image]


[image: image]

Figure 4.3 D FF with synchronous enable.



For clarity, we use suffixes _next and _reg to emphasize the next input value and the registered output of an FF. They are connected to the d and q signals of a D FF.

Since this is a trivial circuit, we can merge the D FF and the next-state logic into a single segment. The code is shown in Listing 4.4.



Listing 4.4 One-process coding style for a D FF with synchronous enable


[image: image]

Note that the en is not in the sensitivity list. Its value is only examined at the rising edge of the clk signal. If it is asserted (i.e., 1), q gets the value of d. Also note that the second if statement does not have an else branch. If the condition is not met (i.e., en is 0), q keeps its previous value. This is the exactly the behavior specified in the functional table.

D FF with synchronous clear

A D FF may include an additional control signal, syn_clr, to clear the FF to 0 synchronously. The term “synchronous” means that the syn_clr signal is examined only at the rising edge of the clock.

Since the syn_clr signal is synchronous, this circuit can be constructed by a regular D FF and simple next-state logic. The code is shown in Listing 4.5.



Listing 4.5 Two-segment coding style for a D FF with synchronous clear
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For clarity, we use suffixes _next and _reg to emphasize the next input value and the registered output of an FF. They are connected to the d and q signals of a D FF.

Since this is a trivial circuit, we can merge the D FF and the next-state logic into a single segment. The code is shown in Listing 4.6.



Listing 4.6 One-process coding style for a D FF with synchronous clear


[image: image]

This code is very similar to D FF with asynchronous reset in Listing 4.2. The only difference is that the syn_clr signal is not included in the sensitivity list. Thus, its value is only examined at the rising edge of the clk signal. Note that the asynchronous reset signal is very different in nature and this feature cannot be realized by a normal D FF.

It is possible to replace the D FF with asynchronous reset with the D FF with synchronous clear. The syn_clr signal can be asserted at power-on to perform system initialization..

It is possible to include both asynchronous reset and synchronous clear in an FF, as shown in Listing 4.7.



Listing 4.7 D FF with asynchronous reset and synchronous clear


[image: image]

Note that the reset signal is included in the sensitivity list. The block responds to it immediately but the syn_clr signal is only checked when clk changes from 0 to 1.


4.2.2 Register 

A register is a collection of D FFs that are controlled by the same clock and reset signals. Like a D FF, a register can have an optional asynchronous reset signal and a synchronous enable signal. The code is identical to that of a D FF except that the one-dimensional array data type is needed for the relevant input and output signals. An example of an 8-bit register with asynchronous reset is shown in Listing 4.8.



Listing 4.8 Register


[image: image]

Note that 0 is a 32-bit number (i.e., 32’h0000). It is trimmed to the width of the q signal when the type conversion is done automatically.





4.3 SIMPLE DESIGN EXAMPLES

We illustrate the construction of several simple, representative sequential circuits in this section.


4.3.1 Shift register 

Free-running shift register

A free-running shift register shifts its content to the left or right by one position in each clock cycle. There is no other control signal. The code for an N-bit free-running shift-right register is shown in Listing 4.9.



Listing 4.9 Free-running shift register


[image: image]

The next-state logic is a 1-bit shifter, which shifts r_reg one position to the right and inserts the serial input, s_in, to the MSB. Since the 1-bit shifter involves only reconnection of the input and output signals, no real logic is inferred.

Universal shift register 

A universal shift register can load parallel data, shift its content left or right, or remain in the same state. It can perform parallel-to-serial operation (first loading parallel input and then shifting) or serial-to-parallel operation (first shifting and then retrieving parallel output). The desired operation is specified by a 2-bit control signal, ctrl. The code is shown in Listing 4.10.



Listing 4.10 Universal shift register


[image: image]

The next-state logic uses a 4-to-1 multiplexer to select the desired next value of the register. Note that the LSB and MSB of d (i.e., d([0] and d[N-1]) are used as serial input for the shift-left and shift-right operations.



4.3.2 Binary counter and variant 

Free-running binary counter 

A free-running binary counter circulates through a binary sequence repeatedly. For example, a 4-bit binary counter counts from ”0000”, ”0001”, ..., to ”1111” and wraps around. The code for a parameterized N-bit free-running binary counter is shown in Listing 4.11.



Listing 4.11 Free-running binary counter


[image: image]

The next-state logic is an incrementor, which adds 1 to the register’s current value. By definition of the + operator, the operation implicitly wraps around after the r_reg reaches ”1...1”. The circuit also consists of an output status signal, max_tick, which is asserted when the counter reaches the maximum value, ”1...1” (which is equal to 2N ‒ 1).

The max_tick signal represents a special type of signal that is asserted for a single clock cycle. In this book, we call this type of signal a tick and use the suffix _tick to indicate a signal with this property. It is commonly used to interface with the enable signal of other sequential circuits.
 
Note that the expression 2**N-1 is static and is calculated in advance. It is treated as a constant during synthesis and thus infers no physical circuit. The expression N’1’b1 can also be used for the ”1. . .1” pattern.

Universal binary counter

A universal binary counter is more versatile. It can count up or down, pause, be loaded with a specific value, or be synchronously cleared. Its functions are summarized in Table 4.1. Note the difference between the reset and syn_clr signals, as discussed in Section 4.2. The code for this counter is shown in Listing 4.12.



Table 4.1 Function table of a universal binary counter





	syn_clr 
	load 
	en 
	up 
	q* 
	Operation 





	1
	‒
	‒
	‒
	00 ... 00
	synchronous clear



	0
	1
	‒
	‒
	d
	parallel load



	0
	0
	1
	1
	q+1
	count up



	0
	0
	1
	0
	q-1
	count down



	0
	0
	0
	‒
	q
	pause








Listing 4.12 Universal binary counter


[image: image]

The next-state logic follows the function table and is described by an always comb block, which contains an if statement to prioritize the desired operations.

Mod-m counter 

A mod-m counter counts from 0 to m ‒ 1 and wraps around. A parameterized mod-m counter is shown in Listing 4.13. It has a parameter, M, which specifies the limit, m. The code is shown in Listing 4.13, and the default value is for a mod-10 counter.



Listing 4.13 Mod-m counter


[image: image]

The mod-m counter counts from 0 to M-1 and there are M states. A register needs [log2 M] bits to accommodate the M states. In the code, the calculation is done by SystemVerilog’s built-in function, $clog2(). Since the expression $clog2(M)-1 is static, no actual hardware is inferred.

The next-state logic is constructed by a conditional operator. If the counter reaches M-1, the new value is cleared to 0. Otherwise, it is incremented by 1.




4.4 TESTBENCH FOR SEQUENTIAL CIRCUITS

A testbench is a program that mimics a physical lab bench, as discussed in Section 1.7. Developing a comprehensive testbench is beyond the scope of this book. We discuss a simple testbench for the previous universal binary counter in this section. It can serve as a template for other simple sequential circuits. The code for the testbench is shown in Listing 4.14.



Listing 4.14 Testbench for a universal binary counter


[image: image]
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The code consists of a component instantiation statement, which creates an instance of a 3-bit counter, and three segments, which generate a stimulus for clock, reset, and regular inputs.

The clock generation is specified by an always block:

always 
begin 
   clk = 1’b1; 
   #( T /2); 
   clk = 1’b0;
   #(T /2);
end 

The T term is a constant that represents the number of time units in a clock period. It is defined as

localparam T =20; // clock period

Note that the always block has no sensitivity list and repeats itself forever. The clk signal is assigned between 0 and 1 alternately, and each value lasts for half a period.

The reset stimulus is specified by an initial block:

initial 
begin 
   reset = 1’b1;
   #(T /2);
   reset = 1’b0;
end

Similar to an always block, an initial block contains procedural statements, which are executed sequentially. However, an initial block is executed once at the beginning of a simulation. It indicates that the reset signal is set to 1 at the start and changes to 0 after half a period. The block represents the “power-on” condition, in which the reset signal is asserted momentarily to clear the system to the initial state. Note that, by default, the x value (for unknown), not 0, is assigned to a variable. Using a short reset pulse is a good mechanism for performing system initialization.

The second initial block generates a stimulus for other input signals. We first test the load and clear operations and then exercise counting in both directions. The final $stop function forces the simulator to stop execution.

For a synchronous system with positive edge-triggered FFs, an input signal must be stable around the rising edge of the clock signal to satisfy the setup and hold time constraints. One easy way to achieve this is to change an input signal’s value during the 1-to-0 transition of the clk signal. We can wait for this transition edge by using

@( negedge clk ); 

The negedge clk event specifies the condition that the clk signal changes to 0 (i.e., negative edge). Note that each statement represents a new falling edge, which corresponds to the advancement of one clock cycle. In our template, we generally use this statement to specify the progress of time. For multiple clock cycles, we can use a repeat statement, as in

repeat (10) @( negedge clk ); // repeat 10 times

Several additional timing control constructs are shown at the end of the initial block. We can wait until a special condition, such as “when q is equal to 2”

wait(q ==2);

or wait until a signal changes, such as

wait( min_tick ); 

or wait for an absolute time, such as

#(4* T); // wait for 4T

If an input signal is modified after these statements, we need to make sure that the input change does not occur at the rising edge of the clock. An additional

@( negedge clk );

statement should be added when needed.

We can compile the code and perform simulation. Part of the simulated waveform is shown in Figure 4.4.


[image: image]

Figure 4.4 Testbench waveform.





4.5 CASE STUDY

After examining several simple circuits, we discuss the design of more sophisticated examples in this section.


4.5.1 LED time-multiplexing circuit 

The Nexys 4 DDR board contains an eight-digit seven-segment LED display and the Basys 3 board contains a four-digit seven-segment LED display. To facilitate both boards, our discussion focuses on a four-digit display in Part I of the book.

To save the number of I/O pins, a time-multiplexing sharing scheme is used in some multi-digit seven-segment LED displays. In this scheme, each individual seven-segment LED has its own enable signal but shares eight common signals to light the segments. All signals are active-low (i.e., enabled when a signal is ’0’). The schematic of displaying ‘3’ on the rightmost LED is shown in Figure 4.5. Note that the enable signal (i.e., an) is ”1110”. This configuration clearly can enable only one seven-segment LED at a time. We can time-multiplex the four LED patterns by enabling the four individual seven-segment LEDs in turn, as shown in the simplified timing diagram in Figure 4.6. If the refreshing rate of the enable signal is fast enough, the human eye cannot distinguish the on and off intervals of the LEDs and perceives that all four seven-segment LEDs are lit simultaneously. This scheme reduces the number of I/O pins from 32 to 12 (i.e., eight LED segments plus four enable signals) but requires a time-multiplexing circuit. Two variations of the circuit are discussed in the following subsections.


[image: image]

Figure 4.5 Time-multiplexed seven-segment LED display.




[image: image]

Figure 4.6 Timing diagram of a time-multiplexed seven-segment LED display.



Time multiplexing with LED patterns 

The symbol and block diagram of the four-digit time-multiplexing circuit are shown in Figure 4.7. It takes four seven-segment LED patterns, in3, in2, in1, and in0, and passes them to the output, sseg, in accordance with the enable signal.


[image: image]

Figure 4.7 Symbol and block diagram of a time-multiplexing circuit.



The refresh rate of the enable signal has to be fast enough to fool our eyes but should be slow enough so that the LEDs can be turned on and off completely. The rate around the range 1000 Hz should work properly. In our design, we use an 18-bit binary counter for this purpose. The two MSBs are decoded to generate the enable signal and are used as the selection signal for multiplexing. The refreshing rate of an individual bit, such as an(0), becomes [image: image]Hz, which is about 1600 Hz. The code is shown in Listing 4.15.



Listing 4.15 LED time-multiplexing circuit with LED patterns


[image: image]
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Since the circuit is designed for a four-digit seven-segment LED display, a four-bit an signal is used. For the Nexys 4 DDR board, four MSBs of the eight-bit an signal are not connected and all LED segments of the leftmost four digits are lit. If desired, we can turn off these digits by declaring an eight-bit an signal and connecting the four MSBs with 1’s, as in


[image: image]

We use the testing circuit in Figure 4.8 to verify operation of the LED time-multiplexing circuit. It uses four 8-bit registers to store the LED patterns. The registers use the same eight switches as input but are controlled by individual enable signals. When we press a button, the corresponding register is enabled and the switch pattern is loaded to that register. The code is shown in Listing 4.16.


[image: image]

Figure 4.8 LED time-multiplexing testing circuit.





Listing 4.16 Testing circuit for time multiplexing with LED patterns


[image: image]

Time multiplexing with hexadecimal digits 

The most common application of a seven-segment LED is to display a hexadecimal digit. The decoding circuit is discussed in Section 3.10.1. To display four hexadecimal digits with the previous time-multiplexing circuit, four decoding circuits are needed. A better alternative is first to multiplex the hexadecimal digits and then decode the result, as shown in Figure 4.9.


[image: image]

Figure 4.9 Block diagram of a hexadecimal time-multiplexing circuit.



This scheme requires only one decoding circuit and reduces the width of the 4-to-1 multiplexer from 8 bits to 5 bits (i.e., 4 bits for the hexadecimal digit and 1 bit for the decimal point). The code is shown in Listing 4.17. In addition to clock and reset, the input consists of four 4-bit hexadecimal digits, hex3, hex2, hex1, and hex0, and four decimal points, which are grouped as one signal, dp_in.



Listing 4.17 LED time-multiplexing circuit with hexadecimal digits
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To verify operation of this circuit, we define eight slide switches as two 4-bit unsigned numbers, add the two numbers, and show the two numbers and their sum on the four-digit seven-segment LED display. The code is shown in Listing 4.18.



Listing 4.18 Testing circuit for time multiplexing with hexadecimal digits


[image: image]

Simulation consideration 

Many sequential circuit examples in the book operate at a relatively slow rate, as does the enable pulse of the LED time-multiplexing circuit. This can be done by generating a single-clock enable tick from a counter. An 18-bit counter is used in this circuit:


[image: image]

Because of the counter’s size, simulating this type of circuit consumes a significant amount of computation time (i.e., 218 clock cycles for one iteration). Since our main interest is in the multiplexing part of the code, most simulation time is wasted. It is more efficient to use a smaller counter in simulation. We can do this by modifying the constant statement

localparam N = 18;

when constructing the testbench. This requires only 24 clock cycles for one iteration and allows us to better exercise and observe the key operations.

Instead of using a constant statement and modifying code between simulation and synthesis, an alternative is to define it as a parameter. During instantiation, we can assign different values for simulation and synthesis.



4.5.2 Stopwatch 

We consider the design of a stopwatch in this subsection. The watch displays the time in three decimal digits, and counts from 00.0 to 99.9 seconds and wraps around. It contains a synchronous clear signal, clr, which returns the count to 00.0, and an enable signal, go, which enables and suspends the counting. This design is basically a BCD (binary-coded decimal) counter, which counts in BCD format. In this format, a decimal number is represented by a sequence of 4-bit BCD digits. For example, 13910 is represented as ”0001 0011 1001” and the next number in sequence is 14010, which is represented as ”0001 0100 0000”.

Since the FPGA board has a 100M-Hz clock, we first need a mod-10,000,000 counter that generates a one-clock-cycle tick every 0.1 second. The tick is then used to enable counting of the three-digit BCD counter.

Design I

Our first design of the BCD counter uses a cascading structure of three decade (i.e., mod-10) counters, representing counts of 0.1, 1, and 10 seconds, respectively. The decade counter has an enable signal and generates a one-clock-cycle tick when it reaches 9. We can use these signals to “hook” the three counters. For example, the 10-second counter is enabled only when the enable tick of the mod-10,000,000 counter is asserted and both the 0.1- and 1-second counters are 9. The code is shown in Listing 4.19.



Listing 4.19 Cascading description for a stopwatch
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Note that all registers are controlled by the same clock signal. This example illustrates how to use a one-clock-cycle enable tick to maintain synchronicity. An inferior approach is to use the output of the lower counter as the clock signal for the next stage. Although this may appear to be simpler, it violates the synchronous design principle and is a very poor practice.

Design II 

An alternative approach for the three-digit BCD counter is to describe the entire structure in a nested if statement. The nested conditions indicate that the counter reaches 0.9, 9.9, and 99.9 seconds. The code is shown in Listing 4.20.



Listing 4.20 Nested if-statement description for a stopwatch
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Verification circuit

To verify operation of the stopwatch, we can combine it with the previous hexadecimal LED time-multiplexing circuit to display the output of the watch. The code is shown in Listing 4.21. Note that the first digit of the LED is assigned to 0 and the go and clr signals are mapped to two buttons of the prototyping board.



Listing 4.21 Testing circuit for a stopwatch
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4.6 TIMING AND CLOCKING

The clock signal synchronizes and coordinates the activities of a sequential circuit and plays the key role of sequential circuit timing. This section provides an overview of basic concepts of timing and clocking.


4.6.1 Timing of FF 

The basic timing diagram of a D FF is shown in Figure 4.10(a). It includes three main timing parameters:


	tCQ: clock-to-q delay, the propagation delay required for the d input to show up at the q output after the sampling edge of the clock signal. 

	tSETUP: setup time, the time interval in which the d signal must be stable before the clock edge. 

	tHOLD: hold time, the time interval in which the d signal must be stable after the clock edge.




[image: image]

Figure 4.10 Timing diagram of a D FF.



The tCQ parameter corresponds roughly to the propagation delay of a combinational component. The tSETUP and tHOLD parameters, on the other hand, are timing constraints. They specify that the d signal must be stable in a small window around the sampling edge of the clock.

If the d signal changes within the setup or hold time window, which is known as setup time violation or hold time violation, the D FF may enter a metastable state, in which the q signal becomes neither 0 nor 1. The condition resolves after a random amount of resolution time and the q signal eventually reaches a stable 0 or 1, as shown in Figure 4.10(b). If not properly controlled, the metastable state can propagate to subsequent logic and make the entire system unstable.



4.6.2 Maximum operating frequency 

One especially difficult design aspect of a sequential circuit is to ensure that the system timing does not violate the setup and hold time constraints. The key idea behind the synchronous design methodology, in which a common clock signal controls all storage elements, is to group all FFs together and treat them as a single register, as shown in Figure 4.2. We need to perform timing analysis on only one memory component.

The timing of a sequential circuit is characterized by fmax. The reciprocal of fmax specifies tCLOCK , the minimum clock period, which can be interpreted as the interval between two sampling edges of the clock signal. To ensure correct operation, the next value (i.e., state_next in Figure 4.2) must be generated and stabilized within this interval. Suppose that the maximum propagation delay of next-state logic is tCOMB. The minimum clock period can be obtained by adding the propagation delays and setup time constraint of the closed loop in Figure 4.2:

tCLOCK = tCQ + tCOMB + tSETUP


and the maximum clock rate is the reciprocal:

[image: image]

For a given FPGA device, tCQ and tSETUP are fixed. The only way to increase fmax is to use a faster combinational logic to reduce tCOMB. Synthesis software sometimes can identify the slowest path and reduce its delay by adding extra logic (i.e., larger area). A typical area–delay curve is shown in Figure 4.11, in which each point is a possible implementation. The software usually starts with the minimum-area implementation and traverses through the curve to reach a point that satisfies the designated clock rate. Of course, the trade-off can be achieved only in a limited range. We cannot increase the performance indefinitely.
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Figure 4.11 Area-delay trade-off curve.



In Vivado Design Suite, the desired clock rate can be specified in the constraint file and the synthesis and placement and routing software attempt to achieve the desired goal. For example, the 100M-Hz (i.e., 10.00-ns period) oscillator of the Nexys 4 DDR board is used as the clock signal in our design and connected to the clk port. The corresponding statement in the constraint file is


[image: ]



4.6.3 Clock tree 

In a digital circuit, each input port of a gate and each wire introduce a small resistance and a small capacitance. The output port of a gate has to charge or discharge (i.e., “drive”) all capacitors when a signal switches state. A typical gate can drive up to half a dozen gates. A complex synchronous design may contain hundreds of thousands of FFs and all the FFs are controlled by the same clock signal. A clock tree, also referred to as a clock distribution network, is the circuit that distributes the clock signal to all FFs in the system.

The clock tree uses multiple levels of buffers to increase the driving capability and applies a special routing algorithm to balance the distribution network and minimize the differences in propagation delays. A conceptual three-level clock distribution network is shown in Figure 4.12, in which each buffer can drive four input ports.


[image: ]

Figure 4.12 Conceptual clock tree.



Modern FPGA devices contain one or more prerouted and prefabricated clock trees. In the Xilinx literature, a tree is sometimes referred to as a clock buffer. It can be thought as the root buffer of a clock tree. The Artix devices has about a dozen distribution networks.



4.6.4 GALS system and CDC 

In a complex digital system, multiple clocks may exist or become necessary in certain situations. For example, a system may interact with external devices or exchange information through communication links. These external devices and links can be driven by external clock sources or impose different clock rates. As discussed earlier, the synchronous methodology is the fundamental principle in today’s digital system development, and most design and analysis schemes are based on this methodology. Thus, even with multiple clocks, we still want to apply this methodology as much as possible. The basic approach is to divide a system into multiple synchronous subsystems and design special interfaces between the subsystems. This scheme is known as a globally asynchronous locally synchronous (GALS) system and it allows us to continuously apply the synchronous methodology to design a much larger system.

In a GALS system, a subsystem driven by the same clock system is known as a clock domain. A major task in designing a GALS system is the interface between the clock domains; i.e., how to exchange information and transfer data between two clock domains, which is known as clock domain crossing (CDC). Since the circuit in one domain has no clock information about another domain, a signal may switch at the clock’s sampling edge of another domain, which leads to a setup or hold time violation. The main advantage of the synchronous design methodology is that it provides a systematic way to avoid a timing violation. Since a timing violation in the domain crossing is unavoidable, the design must focus on what to do after a timing violation occurs. Special synchronization circuits, handshaking schemes, and dual-clock FIFO buffers are needed to manage the CDC issues.

Modern FPGA devices contain PLL (phase-locked loop) or clock management macro cells, which can generate clock signals of different frequencies and phases. They also include predesigned dual-clock FIFO buffer cores. The video synchronization core discussed in Chapter 22 uses these components to interface the 100M-Hz main system domain with the VGA device driven by a 25M-Hz video pixel clock.




4.7 BIBLIOGRAPHIC NOTES

The bibliographic information for this chapter is similar to that for Chapter 3.



4.8 SUGGESTED EXPERIMENTS


4.8.1 Programmable square wave generator 

A programmable square wave generator is a circuit that can generate a square wave with variable on (i.e., logic ’1’) and off (i.e., logic ’0’) intervals. The durations of the intervals are specified by two 4-bit control signals, m and n, which are interpreted as unsigned integers. The on and off intervals are m*100 ns and n*100 ns, respectively (recall that the period of the onboard oscillator is 10 ns). Design a programmable square wave generator circuit. The circuit should be completely synchronous. We need a logic analyzer or oscilloscope to verify its operation.



4.8.2 PWM and LED dimmer 

The duty cycle of a square wave is defined as the percentage of the on interval (i.e., logic ’1’) in a period. A PWM (pulse width modulation) circuit can generate an output with variable duty cycles. For a PWM with 4-bit resolution, a 4-bit control signal, w, specifies the duty cycle. The w signal is interpreted as an unsigned integer and the duty cycle is [image: ].


	Design a PWM circuit with 4-bit resolution and verify its operation using a logic analyzer or oscilloscope.

	Modify the LED time-multiplexing circuit to include the PWM circuit for the an signal. The PWM circuit specifies the percentage of time that the LED display is on. We can control the perceived brightness by changing the duty cycle. Verify the circuit’s operation by observing 1 bit of an on a logic analyzer or oscilloscope. 

	Replace the LED time-multiplexing circuit of Listing 4.21 with the new design and use four slide switches to control the duty cycle. Verify operation of the circuit. It may be necessary to go to a dark area to see the effect of dimming. 





4.8.3 Rotating square circuit 

In a seven-segment LED display, a square pattern can be created by enabling the a, b, f, and g segments or the c, d, e, and g segments. We want to design a circuit that circulates the square patterns in the four-digit seven-segment LED display. The clockwise circulating pattern is shown in Figure 4.13. The circuit should have an input, en, which enables or pauses the circulation, and an input, cw, which specifies the direction (i.e., clockwise or counterclockwise) of the circulation.


[image: ]

Figure 4.13 Pattern for Experiment 4.8.3.



Design the circuit and verify its operation on the prototyping board. Make sure that the circulation rate is slow enough for visual inspection.



4.8.4 Heartbeat circuit 

We want to create a “heartbeat” for the prototyping board. It repeats the simple pattern in the four-digit seven-segment display, as shown in Figure 4.14, at a rate of 72 Hz. Design the circuit and verify its operation on the prototyping board.


[image: ]

Figure 4.14 Pattern for Experiment 4.8.4.




4.8.5 Rotating LED banner circuit 

Four symbols can be shown on a four-digit seven-segment LED display at a time. We can show more information if the data is rotated and moved continuously. For example, assume that the message is 10 digits (i.e., “0123456789”). The display can show the message as “0123”, “1234”, “2345”, ..., “6789”, “7890”, ..., “0123”.

The circuit should have an input, en, which enables or pauses the rotation, and an input, dir, which specifies the direction (i.e., rotate left or right).

Design the circuit and verify its operation on the prototyping board. Make sure that the rotation rate is slow enough for visual inspection.



4.8.6 Enhanced stopwatch 

Modify the stopwatch with the following extensions:

	Add an additional signal, up, to control the direction of counting. The stopwatch counts up when the up signal is asserted and counts down otherwise. 

	Add a minute digit to the display. The LED display format should be like M.SS.D, where D represents 0.1 second and its range is between 0 and 9, SS represents seconds and its range is between 00 and 59, and M represents minutes and its range is between 0 and 9. 



Design the new stopwatch and verify its operation with a testing circuit.







CHAPTER 5 
FSM


An FSM (finite state machine) is a sequential circuit that transits among a finite number of internal states. The transitions depend on the current state and external input and do exhibit a simple, “regular” pattern. In this chapter, we provide an overview of the basic characteristics and representation of FSMs and discuss the derivation of HDL codes.


5.1 INTRODUCTION

An FSM (finite state machine) is used to model a system that transits among a finite number of internal states. The transitions depend on the current state and external input. Unlike a regular sequential circuit, the state transitions of an FSM do not exhibit a simple, repetitive pattern. Its next-state logic is usually constructed from scratch and is sometimes known as “random” logic. This is different from the next-state logic of a regular sequential circuit, which is composed mostly of “structured” components, such as incrementors and shifters.

In practice, the main application of an FSM is to act as the controller of a large digital system, which examines the external commands and status and activates proper control signals to control operation of a data path, which is usually composed of regular sequential components. This is known as an FSMD (finite state machine with data path) and is discussed in Chapter 6.


5.1.1 Mealy and Moore outputs 

The basic block diagram of an FSM is the same as that of a regular sequential circuit and is repeated in Figure 5.1. It consists of a state register, next-state logic, and output logic. An FSM is known as a Moore machine if the output is only a function of state, and is known as a Mealy machine if the output is a function of state and external input. Both types of output may exist in a complex FSM, and we simply refer to it as containing a Moore output and a Mealy output. The Moore and Mealy outputs are similar but not identical. Understanding their subtle differences is the key for controller design. The example in Section 5.3.1 illustrates the behaviors and constructions of the two types of outputs.


[image: image]

Figure 5.1 Block diagram of a synchronous FSM.





5.1.2 FSM representation 

An FSM is usually specified by an abstract state diagram or ASM chart (algorithmic state machine chart), both capturing the FSM’s input, output, states, and transitions in a graphical representation. The two representations provide the same information. The FSM representation is more compact and better for simple applications. The ASM chart representation is somewhat like a flowchart and is more descriptive for applications with complex transition conditions and actions.

State diagram

A state diagram is composed of nodes, which represent states and are drawn as circles, and annotated transitional arcs. A single node and its transition arcs are shown in Figure 5.2(a). A logic expression expressed in terms of input signals is associated with each transition arc and represents a specific condition. The arc is taken when the corresponding expression is evaluated as true.


[image: image]

Figure 5.2 Symbol of a state.



The Moore output values are placed inside the circle since they depend only on the current state. The Mealy output values are associated with the conditions of transition arcs since they depend on the current state and external input. To reduce clutter in the diagram, only asserted output values are listed. The output signal takes the default (i.e., unasserted) value otherwise.

A representative state diagram is shown in Figure 5.3(a). The FSM has three states, two external input signals (i.e., a and b), one Moore output signal (i.e., y1), and one Mealy output signal (i.e., y0). The y1 signal is asserted when the FSM is in the s0 or s1 state. The y0 signal is asserted when the FSM is in the s0 state and the a and b signals are ”11”.


[image: image]

Figure 5.3 Example of an FSM.



ASM chart

An ASM chart is composed of a network of ASM blocks. An ASM block consists of one state box and an optional network of decision boxes and conditional output boxes. A representative ASM block is shown in Figure 5.2(b).

A state box represents a state in an FSM, and the asserted Moore output values are listed inside the box. Note that it has only one exit path. A decision box tests the input condition and determines which exit path to take. It has two exit paths, labeled T and F, which correspond to the true and false values of the condition. A conditional output box lists asserted Mealy output values and is usually placed after a decision box. It indicates that the listed output signal can be activated only when the corresponding condition in the decision box is met.

A state diagram can easily be converted to an ASM chart, and vice versa. The corresponding ASM chart of the previous FSM state diagram is shown in Figure 5.3(b).




5.2 FSM CODE DEVELOPMENT

The procedure of developing code for an FSM is similar to that of a regular sequential circuit. We first separate the state register and then derive the code for the combinational next-state logic and output logic. The main difference is the next-state logic. For an FSM, the code for the next-state logic follows the flow of a state diagram or ASM chart.

The FSM coding emphasizes more about the outputs. The coding is further divided into the multi-segment coding style and the two-segment coding style. The former uses separate segments for the state register, the next-state logic, the Moore output logic, and the Mealy output logic. The latter uses one segment for the state register and one segment for the combinational logic that combines the next-state logic, Moore output logic, and Mealy output logic. While merging the register and the combinational logic to form a one-segment code is possible, it should be reserved for the advanced user, as discussed in Section 4.1.4.

To facilitate the symbolic state names, we use the enumerated data type for the code development.


5.2.1 Enumerated data type and state assignment 

The enumerated data type can best be explained by an example. Consider the FSM of Section 5.1.2, which has three states: s0, s1, and s2. We can introduce a user-defined enumerated data type as follows:

typedef enum {s0, s1, s2} state_type;

The data type simply lists (i.e., enumerates) all symbolic values. Once the data type is defined, it can be used for the variables, as in

state_type state_reg, state_next;

It is possible to merge the data type definition and the variable declaration, as in

enum {s0, s1, s2} state_reg, state_next;; 

We use the former approach since it explicitly highlights the nature of the new data type.

When an FSM is realized by hardware, its symbolic states are mapped into binary representations. The mapping process is known as as state assignment or state encoding. Two commonly used state assignment codes are binary code, which resembles the binary number sequence, and one-hot code, in which only one bit is asserted (“hot”). For example, the previous s0, s1, and s3 states are mapped to ”00”, ”01”, and ”10” with the binary assignment and mapped to ”001”, ”010”, and ”100” with the one-hot assignment. For a synchronous FSM, the state assignment does not affect the circuit’s input–output behavior. However, it has an impact on the circuit size and performance on the next-state and out logic.

We can perform the assignment manually by augmenting the code width and mapping in the type 	definition. For example, we can assign ”000”, ”011”, and ”111” to s0, s1, and s3 states as follows:


[image: image]

By default, SystemVerilog maps the enumerated values to the 32-bit int type, starting with 0. This implies that with the definition of

typedef enum {s0 , s1 , s2 } state_type ; 

The s0, s1, and s3 symbols are assigned with 32’h0000, 32’h0001, and 32’h0002, respectively. During synthesis, the software trims the unused 30 MSBs and makes it a two-bit data type.

Note that the SystemVerilog’s default setting implicitly implies that binary code is used for the state assignment. In practice, most synthesis software recognizes the FSM template and will switch the binary code with a different encoding scheme to obtain more efficient circuits. We do not manually specify the assignment in this book.

Verilog does not support the enumerated data type and we must manually mimic its effect with constant definitions. For example, the previous type definition can be rewritten as


[image: image]

Verilog FYI

Doing this is tedious and can introduce subtle errors (e.g., duplicated values) and thus we don’t use it in this book.



5.2.2 Multi-segment code 

The complete code of the FSM is shown in Listing 5.1. It consists of segments for the state register, next-state logic, Moore output logic, and Mealy output logic.



Listing 5.1 FSM example


[image: image]

The key part is the next-state logic. It uses a case statement with the state_reg signal as the selection expression. The next state (i.e., state_next signal) is determined by the current state (i.e., state_reg) and external input. The code for each state basically follows the activities inside each ASM block of Figure 5.3(b).

Although all the three symbolic values of the enumerated data type are covered by the case items, the code still has the default item. It is included to ensure that all possible items are still covered after state assignment (e.g., the ”11” pattern is not used in binary coding).



5.2.3 Two-segment code 

Two-segment code merges the next-state logic and the output logic into a single combinational block, as shown in Listing 5.2.



Listing 5.2 FSM with merged combinational logic


[image: image]

Note that the default output values are listed at the beginning of the code.

The code for the next-state logic and output logic follows the ASM chart closely. Once a detailed state diagram or ASM chart is derived, converting an FSM to HDL code is just a mechanical procedure. Listings 5.1 and 5.2 can serve as templates for this purpose.




5.3 DESIGN EXAMPLES


5.3.1 Rising-edge detector 

The rising-edge detector is a circuit that generates a short, one-clock-cycle pulse (we call it a tick) when the input signal changes from ’0’ to ’1’. It usually indicates the onset of a slow time-varying input signal. We will design the circuit using both Moore and Mealy machines, and compare their differences.

Moore-based design 

The state diagram and ASM chart of a Moore machine–based edge detector are shown in Figure 5.4. The zero and one states indicate that the input signal has been ’0’ and ’1’ for a while. The rising edge occurs when the input changes to ’1’ in the zero state. The FSM moves to the edge state and the output, tick, is asserted in this state. A representative timing diagram is shown in the middle part of Figure 5.5. The code is shown in Listing 5.3.


[image: image]

Figure 5.4 Edge detector based on a Moore machine.





Listing 5.3 Moore machine–based edge detector


[image: image]

Mealy-based design
 
The state diagram and ASM chart of a Mealy machine–based edge detector are shown in Figure 5.6. The zero and one states have similar meanings. When the FSM is in the zero state and the input changes to ’1’, the output is asserted immediately. The FSM moves to the one state at the rising edge of the next clock and the output is deasserted. A representative timing diagram is shown at the bottom of Figure 5.5. Note that due to the propagation delay, the output signal is still asserted at the rising edge of the next clock (i.e., at t1). The code is shown in Listing 5.4.


[image: image]

Figure 5.5 Timing diagram of two edge detectors.




[image: image]

Figure 5.6 Edge detector based on a Mealy machine.





Listing 5.4 Mealy machine–based edge detector


[image: image]

Direct implementation 

Since the transitions of the edge detector circuit are very simple, it can be implemented without using an FSM. We include this implementation for comparison purposes. The circuit diagram is shown in Figure 5.7. It can be interpreted that the output is asserted only when the current input is ’1’ and the previous input, which is stored in the register, is ’0’. The corresponding code is shown in Listing 5.5.


[image: image]

Figure 5.7 Gate-level implementation of an edge detector.





Listing 5.5 Gate-level implementation of an edge detector


[image: image]

Although the descriptions in Listings 5.4 and 5.5 appear to be quite different, they describe the same circuit. The circuit diagram can be derived from the FSM if we assign ’0’ and ’1’ to the zero and one states.

Comparison

Whereas both Moore machine– and Mealy machine–based designs can generate a short tick at the rising edge of the input signal, there are several subtle differences. The Mealy machine–based design requires fewer states and responds faster, but the width of its output can vary and input glitches may be passed to the output.

The choice between the two designs depends on the subsystem that uses the output signal. Most of the time the subsystem is a synchronous system that shares the same clock signal. Since the FSM’s output is sampled only at the rising edge of the clock, the width and glitches do not matter as long as the output signal is stable around the edge. Note that the Mealy output signal is available for sampling at t1, which is one clock cycle faster than the Moore output, which is available at t2. Therefore, the Mealy machine–based circuit is preferred for this type of application.



5.3.2 Debouncing circuit 

A prototyping board usually contains a collection of pushbutton switches and slide switches. When we move a switch, its contact may bounce back and forth a few times before settling down. The bounces lead to glitches in the signal, as shown at the top of Figure 5.8. The bounces usually settle within 20 ms. The purpose of a debouncing circuit is to filter out the glitches associated with switch transitions.


[image: image]

Figure 5.8 Original and debounced waveforms.



We can design a debouncing circuit inside the FPGA device for the switches. The two possible debounced output signals are shown in the two lower parts of Figure 5.8. In the delayed detection scheme, the circuit generates an output until the input waveform is stable for 20 ms. In the early detection scheme, the circuit responds immediately after a transition but ignores the subsequent changes for the next 20 ms. The delayed detection scheme is discussed in this subsection and the early detection scheme is left as an exercise in Experiment 5.5.2. An alternative FSMD-based scheme is discussed in Section 6.2.1.

An FSM-based design uses a free-running 10-ms timer and an FSM. The timer generates a one-clock-cycle enable tick (the m_tick signal) every 10 ms and the FSM uses this information to keep track of whether the input value is stabilized. The state diagram of this FSM is shown in Figure 5.9. The zero and one states indicate that the switch input signal, sw, has been stabilized with ’0’ and ’1’ values. Suppose that the FSM is initially in the zero state. It moves to the wait1_1 state when sw changes to ’1’. At the wait1_1 state, the FSM waits for the assertion of m_tick. If sw becomes ’0’ in this state, it implies that the width of the ’1’ value does not last long enough and the FSM returns to the zero state. This action repeats two more times for the wait1_2 and wait1_3 states. The operation from the one state is similar except that the sw signal must be ’0’.


[image: image]

Figure 5.9 State diagram of a debouncing circuit.



Since the 10-ms timer is free-running and the m_tick tick can be asserted at any time, the FSM checks the assertion three times to ensure that the sw signal is stabilized for at least 20 ms (it is actually between 20 and 30 ms). The code is shown in Listing 5.6. It includes a 10-ms timer and the FSM.



Listing 5.6 FSM implementation of a debouncing circuit


[image: image]


[image: image]



5.3.3 Testing circuit 

We use a bounce counting circuit to verify the operation of the rising-edge detector and the debouncing circuit. The block diagram is shown in Figure 5.10. The input of the verification circuit is from a pushbutton switch. In the lower part, the signal is first fed to the debouncing circuit and then to the rising-edge detector. Therefore, a one-clock-cycle tick is generated each time the pushbutton switch is pressed and released. The tick in turn controls the enable input of an 8-bit counter, whose content is passed to the LED time-multiplexing circuit and shown on the left two digits of the prototyping board’s seven-segment LED display. In the upper part, the input signal is fed directly to the edge detector without the debouncing circuit, and the number is shown on the right two digits of the prototyping board’s seven-segment LED display. The bottom counter thus counts one desired 0-to-1 transition as well as the bounces.


[image: image]

Figure 5.10 Debouncing testing circuit.



The code uses component instantiation to realize the block diagram and is shown in Listing 5.7. It uses two pushbutton switches, in which btn[1] is served as the test input and btn[0] clears the counters to 0’s.



Listing 5.7 Verification circuit for a debouncing circuit and rising-edge detector


[image: image]

The seven-segment display shows the accumulated numbers of 0-to-1 edges of bounced and debounced pushbutton switch input. After pressing the switch several times, we can determine the average number of bounces for each transition. Note that some pushbutton switches may exhibit very few bounces.




5.4 BIBLIOGRAPHIC NOTES

The bibliographic information for this chapter is similar to that for Chapter 3.



5.5 SUGGESTED EXPERIMENTS


5.5.1 Dual-edge detector 

A dual-edge detector is similar to a rising-edge detector except that the output is asserted for one clock cycle when the input changes from 0 to 1 (i.e., rising edge) and 1 to 0 (i.e., falling edge).

	Design the circuit based on the Moore machine and draw the state diagram and ASM chart. 

	Derive the HDL code based on the state diagram of the ASM chart. 

	Derive a testbench and use simulation to verify operation of the code. 

	Replace the rising detectors in Section 5.3.3 with dual-edge detectors and verify their operations. 

	Repeat steps 1 to 4 for a Mealy machine–based design. 





5.5.2 Early detection debouncing circuit 

The early detection debouncing scheme is discussed in Section 5.3.2. The output timing diagram is shown at the bottom of Figure 5.8. When the input changes from 0 to 1, the FSM responds immediately. The FSM then ignores the input for about 20 ms to avoid glitches. After this amount of time, the FSM starts to check the input for the falling edge. Follow the design procedure in Section 5.3.2 to design the alternative circuit.

	Derive the state diagram and ASM chart for the circuit. 

	Derive the HDL code. 

	Derive the HDL code based on the state diagram and ASM chart. 

	Derive a testbench and use simulation to verify operation of the code. 

	Replace the debouncing circuit in Section 5.3.3 with the alternative design and verify its operation. 





5.5.3 Parking lot occupancy counter 

Consider a parking lot with a single entry and exit gate. Two pairs of photo sensors are used to monitor the activity of cars, as shown in Figure 5.11. When an object is between the photo transmitter and the photo receiver, the light is blocked and the corresponding output is asserted to 1. By monitoring the events of two sensors, we can determine whether a car is entering or exiting or whether a pedestrian is passing through. For example, the following sequence indicates that a car enters the lot:


	Initially, both sensors are unblocked (i.e., the a and b signals are 00). 

	Sensor a is blocked (i.e., the a and b signals are 10). 

	Both sensors are blocked (i.e., the a and b signals are 11). 

	Sensor a is unblocked (i.e., the a and b signals are 01). 

	Both sensors becomes unblocked (i.e., the a and b signals are 00).  



Design a parking lot occupancy counter as follows:


	Design 	an FSM with two input signals, a and b, and two output signals, car_enter and car_exit. The car_enter and car_exit signals assert one clock cycle when a car enters and one clock cycle when a car exits the lot, respectively. 

	Derive the HDL code for the FSM. 

	Design a counter with two control signals, inc and dec, which increment and decrement the counter when asserted. Derive the HDL code. 

	Combine the counter and the FSM and seven-segment LED decoding circuits. Use two debounced pushbuttons to mimic operation of the two sensor outputs. Verify operation of the occupancy counter. 




[image: image]

Figure 5.11 Conceptual diagram of gate sensors.









CHAPTER 6 
FSMD 


An FSMD (finite state machine with data path) combines an FSM and regular sequential circuits. The FSMD can be used to implement systems described by RT (register-transfer) operations, which is a methodology to realize a software algorithm in hardware. In this chapter, we provide an overview of the RT operations and extended ASM chart, discuss the derivation of HDL codes, and use several examples to illustrate the development.


6.1 INTRODUCTION

An FSMD (finite state machine with data path) combines an FSM and regular sequential circuits. The FSM, which is sometimes known as a control path, examines the external commands and status and generates control signals to specify the operation of the regular sequential circuits, which are known collectively as a data path. Algorithms described in RT operations, in which the operations are specified as data manipulation and transfer among a collection of registers, can be converted to FSMD and realized in hardware.


6.1.1 Single RT operation 

An RT operation specifies data manipulation and transfer for a single destination register. It is represented by the notation

                 rdest ← f(rsrc1, rsrc2,..., rsrcn)

where rdest is the destination register, rsrc1, rsrc2, and rsrcn are the source registers, and f(.) specifies the operation to be performed. The notation indicates that the contents of the source registers are fed to the f(.) function, which is realized by a combinational circuit, and the result is passed to the input of the destination register and stored in the destination register at the next rising edge of the clock. Following are several representative RT operations:


	r1 ← 0. A constant 0 is stored in the r1 register. 

	r1 ← r1. The content of the r1 register is written back to itself. 

	r2 ← r2 >> 3. The r2 register is shifted right three positions and then written back to itself. 

	r2 ← r1. The content of the r1 register is transferred to the r2 register. 

	i ← i + 1. The content of the i register is incremented by 1 and the result is written back to itself. 

	d ← s1 + s2 + s3. The summation of the s1, s2, and s3 registers is written to the d register. 

	y ← a*a. The a squared is written to the y register. 



A single RT operation can be implemented by constructing a combinational circuit for the f(.) function and connecting the input and output of the registers. For example, consider the a ← a-b+1 operation. The f(.) function involves a subtractor and an incrementor. The block diagram is shown in Figure 6.1(a). For clarity, we use the  reg and  next suffixes to represent the input and output of a register. Note that an RT operation is synchronized by an embedded clock. The result from the f(.) function is not stored to the destination register until the next rising edge of the clock. The timing diagram of the previous RT operation is shown in Figure 6.1(b).


[image: image]

Figure 6.1 Block and timing diagrams of an RT operation.





6.1.2 ASMD chart 

A circuit based on the RT methodology specifies which RT operations should be executed in each step. Since an RT operation is done on a clock-by-clock basis, its timing is similar to a state transition of an FSM. Thus, an FSM is a natural choice to specify the sequencing of an RT algorithm. We extend the ASM chart to incorporate RT operations and call it an ASMD (ASM with data path) chart. The RT operations are treated as another type of activity and can be placed where the output signals are used.

A segment of an ASMD chart is shown in Figure 6.2(a). It contains one destination register, r1, which is initialized with 8, added with content of the r2 register, and then shifted left by two positions. Note that the r1 register must be specified in each state. When r1 is not changed, the r1 ← r1 operation should be used to maintain its current content, as in the s3 state. In future discussion, we assume that r ← r is the default RT operation for the r register and do not include it in the ASMD chart. Implementing the RT operations of an ASMD chart involves a multiplexing circuit to route the desired next value to the destination register.


[image: image]

Figure 6.2 Realization of an ASMD segment.



For example, the previous segment can be implemented by a 4-to-1 multiplexer, as shown in Figure 6.2(b). The current state (i.e., the output of the state register) of the FSM controls the selection signal of the multiplexer and thus chooses the result of the desired RT operation.

An RT operation can also be specified in a conditional output box, as the r2 register shown in Figure 6.3(a). Depending on the a>b condition, the FSMD performs either r2 ← r2+a or r2 ← r2+b. Note that all operations are done in parallel inside an ASMD block. We need to realize the a>b, r2+a, and r2+b operations and use a multiplexer to route the desired value to r2. The block diagram is shown in Figure 6.3(b).


[image: image]

Figure 6.3 Realization of an RT operation in a conditional output box.





6.1.3 Decision box with a register 

The appearance of an ASMD chart is similar to that of a normal flowchart. The main difference is that the RT operation in an ASMD chart is controlled by an embedded clock signal and the destination register is updated when the FSMD exits the current ASMD block, but not within the block. The r ← r-1 operation actually means that


	r_next = r_reg - 1;

	r_reg <= r_next at the rising edge of the clock (i.e., when the FSMD exits the current block).



This “delayed store” may introduce subtle errors when a register is used in a decision box. Consider the FSMD segment in Figure 6.4(a). The r register is decremented in the state box and used in the decision box. Since the r register is not updated until the FSMD exits the block, the old content of r is used for comparison in the decision box. If the new value of r is desired, we should use the output of the combinational logic (i.e., r_next) in the decision box (i.e., replace the r==0 expression with r_next==0), as shown in Figure 6.4(b).


[image: image]

Figure 6.4 ASM block affected by a delayed store.



Block diagram of an FSMD

The conceptual block diagram of an FSMD is divided into a data path and a control path, as shown in Figure 6.5. The data path performs the required RT operations. It consists of


	Data registers: store the intermediate computation results 

	Functional units: perform the functions specified by the RT operations 

	Routing network: routes data between the storage registers and the functional units




[image: image]

Figure 6.5 Block diagram of an FSMD.



The data path follows the control signal to perform the desired RT operations and generates the internal status signal.

The control path is an FSM. As a regular FSM, it contains a state register, next-state logic, and output logic. It uses the external command signal and the data path’s status signal as the input and then generates the control signal to control the data path operation. The FSM also generates the external status signal to indicate the status of the FSMD operation.

Note that although an FSMD consists of two types of sequential circuits, both circuits are controlled by the same clock, and thus the FSMD is still a synchronous system.




6.2 CODE DEVELOPMENT OF AN FSMD

We use an improved debouncing circuit to demonstrate the derivation of the FSMD code. Although the debouncing circuit in Section 5.3.2 uses an FSM and a timer (which is a regular sequential circuit), it is not based on RT methodology because the two units are running independently and the FSM has no control over the timer. Since the 10-ms enable tick can be asserted at any time, the FSM does not know how much time has elapsed when the first tick is detected in the wait1_1 or wait0_1 state. Thus, the waiting period in this design is between 20 and 30 ms but is not an exact interval. This deficiency can be overcome by applying the RT methodology. In this section, we use this improved debouncing circuit to illustrate FSMD code development.


6.2.1 Debouncing circuit based on RT methodology 

With the RT methodology, we can use an FSM to control the initiation of the timer to obtain the exact interval. The ASMD chart is shown in Figure 6.6. The circuit is expanded to include two output signals: db_level, which is the debounced output, and db_tick, which is a one-clock-cycle enable pulse asserted at the zero-to-one transition. The zero and one states mean that the sw input has been stabilized for ’0’ and ’1’, respectively. The wait1 and wait0 states are used to filter out short glitches. The sw signal must be stable for a certain amount of time or the transition will be treated as a glitch. The data path contains one register, q, which is 22 bits wide. Suppose that the FSMD is originally in the zero state. When the sw input signal becomes ’1’, the FSMD moves to the wait1 state and initializes q to ”1 ... 1”. In the wait1 state, the q decrements in each clock cycle. If sw remains as ’1’, the FSMD returns to this state repeatedly until q reaches ”0 ... 0” and then moves to the one state.
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Figure 6.6 ASMD chart of a debouncing circuit.



Recall that the 100M-Hz (i.e., 10-ns period) system clock is used on the prototyping board. Since the FSMD stays in the wait1 state for 222 clock cycles, it is about 40 ms (i.e., 222 *10 ns). We can modify the initial value of the q register to obtain the desired wait interval.

There are two ways to derive the HDL code, one with an explicit description of the data path components and the other with an implicit description of the data path components.



6.2.2 Code with explicit data path components 

The first approach to FSMD code development is to separate the control FSM and the key data path components. From an ASMD chart, we first identify the key components in the data path and the associated control signals and then describe these components in individual code segments.

The key data path component of the debouncing circuit ASMD chart is a custom 22-bit decrement counter that can

	Be initialized with a specific value 

	Count downward or pause 

	Assert a status signal when the counter reaches 0 



We can create a binary counter with a q_load signal to load the initial value and a q_dec signal to enable the counting. The counter also generates a q_zero status signal, which is asserted when the counter reaches zero. The complete data path is composed of the q register and the next-state logic of the custom decrement counter. A comparison circuit is included to generate the q_zero status signal. The control path consists of an FSM, which takes the sw input and the q_zero status and asserts the control signals, q_load and q_dec, according to the desired action in the ASMD chart. The HDL code follows the data path specification and the ASMD chart, and is shown in Listing 6.1.



Listing 6.1 Debouncing circuit with an explicit data path component
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6.2.3 Code with implicit data path components 

An alternative coding style is to embed the RT operations within the FSM control path. Instead of explicitly defining the data path components, we just list RT operations with the corresponding FSM state. The code of the debouncing circuit is shown in Listing 6.2.



Listing 6.2 Debouncing circuit with an implicit data path component
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The code consists of a memory segment and a combinational logic segment. The former contains the state register of the FSM and the data register of the data path. The latter basically specifies the next-state logic of the control path FSM. Instead of generating control signals, the next data register values are specified in individual states. The next-state logic of the data path, which consists of functional units and routing network, is created accordingly.



6.2.4 Comparison 

Code with implicit data path components essentially follows the ASMD chart. We just convert the chart to an HDL description. Although this approach is simpler and more descriptive, we rely on synthesis software for data path construction and have less control. This can best be explained by an example. Consider the ASMD segment in Figure 6.7. The implicit description becomes


[image: image]

Figure 6.7 ASMD segment with sharing opportunity.
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The synthesis software may infer three multipliers. Since a combinational multiplier is a complex circuit, it is more efficient to share the circuit. We can use an explicit description to isolate the multiplier:


[image: image]

The code ensures that only one multiplier is inferred during synthesis. The implicit and explicit descriptions can be mixed for a complex FSMD design. We frequently isolate and extract complex data path components for code clarity and efficiency.




6.3 DESIGN EXAMPLES


6.3.1 Fibonacci number circuit 

The Fibonacci numbers constitute a sequence defined as


[image: image]


One way to calculate fib(i) is to construct the function iteratively, from 0 to the desired i. This approach requires two temporary registers to store the two most recently calculated values [i.e., fib(i ‒ 1) and fib(i ‒ 2))] and one index register to keep track of the number of iterations. The ASMD chart is shown in Figure 6.8, in which t1 and t0 are temporary storage registers and n is the index register. In addition to the regular data input and output signals, i and f, we include a command signal, start, which signals the beginning of operation, and two status signals: ready, which indicates that the circuit is idle and ready to take new input, and done_tick, which is asserted for one clock cycle when the operation is completed. Since this circuit, like many other FSMD designs, is probably a part of a larger system, these signals are needed to interface with other subsystems.


[image: image]

Figure 6.8 ASMD chart of a Fibonacci circuit.



The ASMD chart has three states. The idle state indicates that the circuit is currently idle. When start is asserted, the FSMD moves to the op state and loads initial values to three registers. The t0 and t1 registers are loaded with 0 and 1, which represent fib(0) and fib(1), respectively. The n register is loaded with i, the desired number of iterations.

The main computation is iterated through the op state by three RT operations:


	t1 ← t1 + t0 

	t0 ← t1 

	n ← n-1 



The first two RT operations obtain a new value and store the two most recently calculated values in t1 and t0. The third RT operation decrements the iteration index. The iteration ends when n reaches 1 or its initial value is 0 [i.e., fib(0)]. Unlike a regular flowchart, the operations in an ASMD block can be performed concurrently in the same clock cycle. We put all comparison and RT operations in the op state to reduce the computation time. Note that the new values of the t1 and t0 registers are loaded at the same time when the FSMD exits the op state (i.e., at the next rising edge of the clock). Thus, the original value of t1, not t1+t0, is stored to t0. The purpose of the done state is to generate the one-clock-cycle done_tick signal to indicate completion of the computation. This state can be omitted if this status signal is not needed.

The code follows the ASMD chart and is shown in Listing 6.3. Note that the Fibonacci function grows rapidly and the output signal should be wide enough to accommodate the desired result.



Listing 6.3 Fibonacci number circuit
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6.3.2 Division circuit 

Because of its complexity, the division operator cannot be synthesized automatically. We use an FSMD to implement the long-division algorithm in this subsection. The algorithm is illustrated by the division of two 4-bit unsigned integers in Figure 6.9. The algorithm can be summarized as follows:

	Double the dividend width by appending 0’s in front and align the divisor to the leftmost bit of the extended dividend. 

	If the corresponding dividend bits are greater than or equal to the divisor, subtract the divisor from the dividend bits and make the corresponding quotient bit 1. Otherwise, keep the original dividend bits and make the quotient bit 0. 

	Append one additional dividend bit to the previous result and shift the divisor to the right one position. 

	Repeat steps 2 and 3 until all dividend bits are used. 
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Figure 6.9 Long division of two 4-bit unsigned integers.



The sketch of the data path is shown in Figure 6.10. Initially, the divisor is stored in the d register and the extended dividend is stored in the rh and rl registers. In each iteration, the rh and rl registers are shifted to the left by one position. This corresponds to shifting the divisor to the right of the previous algorithm. We can then compare rh and d and perform subtraction if rh is greater than or equal to d. When rh and rl are shifted to the left, the rightmost bit of rl becomes available. It can be used to store the current quotient bit. After we iterate through all dividend bits, the result of the last subtraction is stored in rh and becomes the remainder of the division, and all quotients are shifted into rl.
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Figure 6.10 Sketch of division circuit’s data path.



The ASMD chart of the division circuit is somewhat similar to that of the previous Fibonacci circuit. The FSMD consists of four states, idle, op, last, and done. To make the code clear, we extract the compare and subtract circuit to separate code segments. The main computation is performed in the op state, in which the dividend bits and divisor are compared and subtracted and then shifted left by 1 bit. Note that the remainder should not be shifted in the last iteration. We create a separate state, last, to accommodate this special requirement. As in the preceding example, the purpose of the done state is to generate a one-clock-cycle done_tick signal to indicate completion of the computation. The code is shown in Listing 6.4.



Listing 6.4 Division circuit
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6.3.3 Binary-to-BCD conversion circuit 

We discussed the BCD format in Section 4.5.2. In this format, a decimal number is represented as a sequence of 4-bit BCD digits. A binary-to-BCD conversion circuit converts a binary number to the BCD format. For example, the binary number ”0010 0000 0000” becomes ”0101 0001 0010” (i.e., 51210) after conversion.

The binary-to-BCD conversion can be processed by a special BCD shift register, which is divided into 4-bit groups internally, each representing a BCD digit. Shifting a BCD sequence to the left requires adjustment if a BCD digit is greater than 910 after shifting. For example, if a BCD sequence is ”0001 0111” (i.e., 1710), it should become ”0011 0100” (i.e., 3410) rather than ”0010 1110”. The adjustment requires subtracting 1010 (i.e., ”1010”) from the right BCD digit and adding 1 (which can be considered as a carry-out) to the next BCD digit. Note that subtracting 1010 is equivalent to adding 610 for a 4-bit binary number. Thus, the foregoing adjustment can also be achieved by adding 610 to the right BCD digit. The carry-out bit is generated automatically in this process.

In the actual implementation, it is more efficient to first perform the necessary adjustment on a BCD digit and then shift. We can check whether a BCD digit is greater than 410 and, if this is the case, add 310 to the digit. After all the BCD digits are corrected, we can then shift the entire register to the left by one position. A binary-to-BCD conversion circuit can be constructed by shifting the binary input to a BCD shift register bit by bit, from MSB to LSB. Its operation can be summarized as follows:

	For each 4-bit BCD digit in a BCD shift register, check whether the digit is greater than 4. If this is the case, add 310 to the digit. 

	Shift the entire BCD register left one position and shift in the MSB of the input binary sequence to the LSB of the BCD register. 

	Repeat steps 1 and 2 until all input bits are used. 



The conversion process of a 7-bit binary input, ”111 1111” (i.e., 12710), is demonstrated in Table 6.1.



Table 6.1 Binary-to-BCD conversion example
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The code of a 13-bit conversion circuit is shown in Listing 6.5. It uses a simple FSMD to control the overall operation. When the start signal is asserted, the binary input is stored into the p2s register. The FSM then iterates through the 13 bits, similar to the process described in previous examples. Four adjustment circuits are used to correct the four BCD digits. For clarity, they are isolated from the next-state logic and described in a separate code segment.



Listing 6.5 Binary-to-BCD conversion circuit
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6.3.4 Period counter 

A period counter measures the period of a periodic input waveform. One way to construct the circuit is to count the number of clock cycles between two rising edges of the input signal. Since the frequency of the system clock is known, the period of the input signal can be derived accordingly. For example, if the frequency of the system clock is f and the number of clock cycles between two rising edges is N, the period of the input signal is [image: image] .

The design in this subsection measures the period in milliseconds. Its ASMD chart is shown in Figure 6.11. The period counter takes a measurement when the start signal is asserted. We use a rising-edge detection circuit to generate a one-clock-cycle tick, edge, to indicate the rising edge of the input waveform. After start is asserted, the FSMD moves to the waite state to wait for the first rising edge of the input. It then moves to the count state when the next rising edge of the input is detected. In the count state, we use two registers to keep track of the time. The t register counts for 100,000 clock cycles, from 0 to 99,999, and then wraps around. Since the period of the system clock is 10 ns, the t register takes 1 ms to circulate through 100,000 cycles. The p register counts in terms of milliseconds. It is incremented once when the t register reaches 99,999. When the FSMD exits the count state, the period of the input waveform is stored in the p register and its unit is milliseconds. The FSMD asserts the done_tick signal in the done state, as in previous examples.
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Figure 6.11 ASMD chart of a period counter.



The code follows the ASMD chart and is shown in Listing 6.6. We use a constant, CLK_MS_COUNT, for the boundary of the millisecond counter. It can be replaced if a different measurement unit is desired.



Listing 6.6 Period counter
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6.3.5 Accurate low-frequency counter 

A frequency counter measures the frequency of a periodic input waveform. The common way to construct a frequency counter is to count the number of input pulses in a fixed amount of time, say, 1 second. Although this approach is fine for high-frequency input, it cannot measure a low-frequency signal accurately. For example, if the input is around 2 Hz, the measurement cannot tell whether it is 2.123 Hz or 2.567 Hz. Recall that the frequency is the reciprocal of the period [image: image]. An alternative approach is to measure the period of the signal and then take the reciprocal to find the frequency. We use this approach to implement a low-frequency counter in this subsection.

This design example demonstrates how to use the previously designed parts to construct a large system. For simplicity, we assume that the frequency of the input is between 1 and 10 Hz (i.e., the period is between 100 and 1000 ms). The operation of this circuit includes three tasks:

	Measure the period. 

	Find the frequency by performing a division operation. 

	Convert the binary number to BCD format. 



We can use the period counter, division circuit, and binary-to-BCD converter to perform the three tasks and create another FSM as the master control to sequence and coordinate the operation of the three circuits. The block diagram is shown in Figure 6.12(a), and the ASM chart of the master control is shown in Figure 6.12(b).  The FSM uses the start and done_tick signals of these circuits to initialize each task and to detect completion of the task. The code is shown in Listing 6.7.



Listing 6.7 Low-frequency counter
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Figure 6.12 Accurate low-frequency counter.






6.4 BIBLIOGRAPHIC NOTES

The bibliographic information for this chapter is similar to that for Chapter 3.



6.5 SUGGESTED EXPERIMENTS


6.5.1 Early detection debouncing circuit 

Consider the alternative debouncing circuit in Experiment 5.5.2. Redesign the circuit using the RT methodology:

	Derive the ASMD chart for the circuit. 

	Derive the HDL code based on the ASMD chart. 

	Derive a testing circuit similar to that in Section 5.3.3 with the alternative debouncing circuit and verify its operation. 





6.5.2 BCD-to-binary conversion circuit 

A BCD-to-binary conversion converts a BCD number to the equivalent binary representation. Assume that the input is an 8-bit signal in BCD format (i.e., two BCD digits) and the output is a 7-bit signal in binary representation. Follow the procedure in Section 6.3.3 to design a BCD-to-binary conversion circuit:

	Derive the conversion algorithm and ASMD chart. 

	Derive the HDL code based on the ASMD chart. 

	Derive a testbench and use simulation to verify operation of the code. 

	Synthesize the circuit, program the FPGA, and verify its operation. 





6.5.3 Fibonacci circuit with BCD I/O: design approach 1 

To make the Fibonacci circuit more user friendly, we can modify the circuit to use the BCD format for the input and output. Assume that the input is an 8-bit signal in BCD format (i.e., two BCD digits) and the output is displayed as four BCD digits on the seven-segment LED display. Furthermore, the LED will display ”9999” if the resulting Fibonacci number is larger than 9999 (i.e., overflow). The operation can be done in three steps: convert input to the binary format, compute the Fibonacci number, and convert the result back to the BCD format.

The first design approach is to follow the procedure in Section 6.3.5. Begin by constructing three smaller subsystems, which are the BCD-to-binary conversion circuit, Fibonacci circuit, and binary-to-BCD conversion circuit, and then use a master FSM to control the overall operation. Design the circuit as follows:


	Implement the BCD-to-binary conversion circuit in Experiment 6.5.2. 

	Modify the Fibonacci number circuit in Section 6.3.1 to include an output signal to indicate the overflow condition. 

	Derive the top-level block diagram and the master control FSM state diagram. 

	Derive the HDL code. 

	Derive a testbench and use simulation to verify operation of the code. 

	Synthesize the circuit, program the FPGA, and verify its operation. 





6.5.4 Fibonacci circuit with BCD I/O: design approach 2 

An alternative to the previous “subsystem approach” in Experiment 6.5.3 is to integrate the three subsystems into a single system and derive a customized FSMD for this particular application. The approach eliminates the overhead of the control FSM and provides opportunities to share registers among the three tasks. Design the circuit as follows:


	Redesign the circuit of Experiment 6.5.3 using one FSMD. The design should eliminate all unnecessary circuits and states, such as the various done_tick signals and the done states, and exploit the opportunity to share and reuse the registers in different steps. 

	Derive the ASMD chart. 

	Derive the HDL code based on the ASMD chart. 

	Derive a testbench and use simulation to verify operation of the code. 

	Synthesize the circuit, program the FPGA, and verify its operation. 

	Check the synthesis report and compare the number of LEs used in the two approaches. 

	Calculate the number of clock cycles required to complete the operation in the two approaches. 





6.5.5 Auto-scaled low-frequency counter 

The operation of the low-frequency counter in Section 6.3.5 is very restricted. The frequency range of the input signal is limited between 1 and 10 Hz. It loses accuracy when the frequency is beyond this range. Recall that the accuracy of this frequency counter depends on the accuracy of the period counter of Section 6.3.5, which counts in terms of millisecond ticks. We can modify the t counter to generate a microsecond tick (i.e., counting from 0 to 49) and increase the accuracy 1000-fold. This allows the range of the frequency counter to increase to 9999 Hz and still maintain at least four-digit accuracy.

Using a microsecond tick introduces more than four accuracy digits for low-frequency input, and the number must be shifted and truncated to be displayed on the seven-segment LED. An auto-scaled low-frequency counter performs the adjustment automatically, displays the four most significant digits, and places a decimal point in the proper place. For example, according to their range, the frequency measurements will be shown as ”1.234”, ”12.34”, ”123.4”, or ”1234.”.

The auto-scaled low-frequency counter needs an additional BCD adjustment circuit. It first checks whether the most significant BCD digit (i.e., the four MSBs) of a BCD sequence is zero. If this is the case, the circuit shifts the BCD sequence to the left by four positions and increments the decimal point counter. The operation is repeated until the most significant BCD digit is not ”0000”.

The complete auto-scaled low-frequency counter can be implemented as follows:

	Modify the period counter to use the microsecond tick. 

	Extend the size of the binary-to-BCD conversion circuit. 

	Derive the ASMD chart for the BCD adjustment circuit and the HDL code. 

	Modify the control FSM to include the BCD adjustment in the last step. 

	Design a simple decoding circuit that uses the decimal point counter’s output to activate the desired decimal point of the seven-segment LED display. 

	Derive a testbench and use simulation to verify operation of the code. 

	Synthesize the circuit, program the FPGA, and verify its operation. 





6.5.6 Reaction timer 

Eye–hand coordination is the ability of the eyes and hands to work together to perform a task. A reaction timer circuit measures how fast a human hand can respond after a person sees a visual stimulus. This circuit operates as follows:

	The circuit has three input pushbuttons, corresponding to the clear, start, and stop signals. It uses a single discrete LED as the visual stimulus and displays relevant information on the seven-segment LED display. 

	A user pushes the clear button to force the circuit returning to the initial state, in which the seven-segment LED shows a welcome message, ”HI”, and the stimulus LED is off. 

	When ready, the user pushes the start button to initiate the test. The seven-segment LED goes off. 

	After a random interval between 2 and 15 seconds, the stimulus LED goes on and the timer starts to count upward. The timer increases every millisecond and its value is displayed in the format of ”0000” millisecond on the seven-segment LED. 

	After the stimulus LED goes on, the user should try to push the stop button as soon as possible. The timer pauses counting once the stop button is asserted. The seven-segment LED shows the reaction time. It should be around 150 to 300 milliseconds for most people. 

	If the stop button is not pushed, the timer stops after 1 second and displays ”1000”. 

	If the stop button is pushed before the stimulus LED goes on, the circuit displays ”9999” on the seven-segment LED and stops. 



Design the circuit as follows:


	Derive the ASMD chart. 

	Derive the HDL code based on the ASMD chart. 

	Synthesize the circuit, program the FPGA, and verify its operation. 





6.5.7 Babbage difference engine emulation circuit 

The Babbage difference engine is a mechanical digital computation device designed to tabulate a polynomial function. It was proposed by Charles Babbage, an English mathematician, in the nineteenth century. The engine is based on Newton’s method of differences and avoids the need of multiplication. For example, consider a second-order polynomial f(n) = 2n2 +3n + 5. We can find the difference between f(n) and f(n ‒ 1):
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Assume that n is an integer and n ≥ 0. The f(n) can be defined recursively as


[image: image]


This process can be repeated for the 4n + 1 expression. Let g(n) = 4n + 1. We can find the difference between g(n) and g(n ‒ 1):
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The g(n) can be defined recursively as


[image: image]


and f(n) can be rewritten as
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Note that only additions are involved in the recursive definitions of f(n) and g(n).

Based on the definition of the last two recursive equations, we can derive an algorithm to compute f(n). Two temporary registers are needed to keep track of the most recently calculated f(n) and g(n), and two additions are needed to update f(n) and g(n). Assume that n is a 6-bit input and interpreted as an unsigned integer. Design this circuit using the RT methodology:


	Derive the ASMD chart. 

	Derive the HDL code based on the ASMD chart. 

	Derive a testbench and use simulation to verify operation of the code. 

	Synthesize the circuit, program the FPGA, and verify its operation. 

	Let h(n)= n3 +2n2 +2n + 1. Use the method above to find the recursive representation of h(n) (note that three levels of recursive equations are needed for a three-order polynomial). Repeat steps 1 to 4. 









CHAPTER 7 
RAM AND BUFFER OF FPGA


A digital system frequently requires memory for storage. To facilitate this need, FPGA devices contain dedicated embedded memory macro cells. While these modules cannot replace the massive external memory devices, they are useful for applications that require small or intermediate-sized memory. In this chapter, we demonstrate the coding techniques to describe the memory structure and provide several templates to infer the FPGA’s internal memory modules.


7.1 EMBEDDED MEMORY OF FPGA DEVICE

A memory component stores data. The sequential circuit discussed in Chapters 4, 5, and 6 contains a register to maintain its internal state. The register can be considered a customized memory component dedicated to the functionality of the specific sequential circuit. A digital system frequently needs “general-purpose” storage as well. The required storage capacity can vary widely. While a buffer for a serial input data line just needs a few bytes, the main memory of a high-performance computer system requires several hundred million bytes.

An FPGA’s logic elements contain a register and thus can provide one-bit memory. However, it takes more than two thousand transistors to implement a logic cell while it just takes five or six transistors to construct a one-bit SRAM (static RAM) cell. Thus, it is a tremendous waste of resources to dedicate the functionalities of a logic cell to implement one-bit memory. To overcome the problem, modern FPGA devices are constructed with prefabricated memory modules for storage.

These modules are intended for applications that require small or intermediate-sized memory but not for the replacement of the massive external memory devices.


7.1.1 Memory of an Artix device 

There are two types of embedded memory in Xilinx FPGA devices: distributed RAM and block RAM (BRAM) A distributed RAM is constructed from the logic cell’s lookup table (LUT). For example, a 6-input LUT can be configured as a 26-by-1 RAM module, and multiple LUTs can be cascaded to form a wider and deeper memory module. The Artix-7 XCA100T device of the Nexys 4 DDR board can provide up to 1188K bits of distributed memory, which is small compared to block RAMs or external memory. Since the distributed RAM is constructed with the logic cells, it competes with the normal logic for resource. In addition, the read data of the distributed memory is not registered (known as asynchronous). This type of memory configuration is not used by other FPGA vendors and thus is less portable.

A block RAM (BRAM) is a prefabricated memory module embedded in an FPGA device and is separated from the regular logic cells. It can be thought of as a fast SRAM wrapped by a synchronous, configurable interface. In an Artix device, each BRAM consists of 32K (215) data bits plus optional 4K parity bits, totaling 36K bits. It can be organized in different widths, from 32K by 1 (i.e., 215 by 20) to 512 by 64 (i.e., 29 by 26). The 36K-bit BRAM can also be partitioned as two independent 18K-bit BRAMs. The Artix-7 XCA100T device has 135 36Kbit BRAMs, totaling 4320K usable data bits. This type of memory modules can be found in all modern FPGA devices.

The BRAM is “wrapped” with a synchronous interface, and thus no additional memory controller circuit is needed. It is very flexible and can be configured to perform single- and dual-port access and to support various types of buffering and clocking schemes. We examine four commonly used configurations, including a synchronous dual-port RAM, a “simple” dual-port RAM, a synchronous single-port RAM, and a synchronous ROM, in Section 7.4.



7.1.2 Memory available in the Nexys 4 DDR board 

The Artix-7 XCA100T device and external RAM device of the Nexys 4 DDR board provide several storage options. It is a good idea to keep in mind the relative capacities of these options:

	XCA100T’s FFs (for registers): about 13 KB (13K*8 bits), embedded in logic cells and I/O buffers 

	XCA100T’s distributed RAM : about 150 KB (150K*8 bits), constructed from the logic cells 

	XCA100T’s BRAM : 540 KB, configured as 270 32K-bit modules 

	External SDRAM: 128 MB, configured as a single rank 8M-by-16 DDR SDRAM (synchronous dynamic RAM) chip 



Remembering this helps us decide which option is most suitable for an application at hand.




7.2 GENERAL DESCRIPTION FOR A RAM-LIKE COMPONENT

A register file is a collection of registers with one input port and one or more output ports. It is frequently used inside a processor as a small fast storage unit. We use it in this section to illustrate coding techniques for RAM-like memory components.


7.2.1 Register file 

A register file is a collection of registers. The registers share common input ports and output ports and each register is identified by a unique address. The write address signal, w_addr, specifies where to store data, and the read address signal, r_addr, specifies where to retrieve data. The register file is generally used as fast, temporary storage. The conceptual diagram of a 4-by-8 (i.e., four words and 8 bits per word) register file is shown Figure 7.1. The design consists of four registers with enable signals, a write decoding circuit, and a read multiplexing circuit.
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Figure 7.1 Block diagram of a four-word register file.



The write decoding circuit examines the wr_en signal and decodes the write port address. If the wr_en signal is asserted, the decoding circuit functions as a regular 2-to-22 binary decoder that asserts one of the four en signals of the corresponding register. The w_data signal will be sampled and stored into the corresponding register at the rising edge of the clock. The read multiplexing circuit consists of a 4-to-1 multiplexer. It utilizes r_addr as the selection signal to route the desired register output to the read port.

The registers are structured as a two-dimensional 4-by-8 array of D FFs and would best be represented by a two-dimensional data type, as discussed in Section 1.3.2. The array can be declared as

logic [7:0] array_reg [0:3];

The [7:0] dimension represents an eight-bit word and the [0:3] dimension represents the four words in ascending order.

For clarity, the declaration of a register file or a memory module usually use a symbolic constant, such as DATA_WIDTH, to represent the number of bits in a word and a symbolic constant, such as ADDR_WIDTH, to represent the number of bits in its address, which implies that there are 2ADDR_WIDTH words. The declaration becomes

logic [ DATA_WIDTH -1:0] mem [0:2** ADDR_WIDTH -1]; 

We can derive the code of the 4-by-8 register file following the conceptual diagram, as shown in Listing 7.1. the code consists of a collection of four registers, a decoding logic to generate the enable signals, and a multiplexer to route the desired data to the read port. We can duplicate the decoding logic and multiplexing logic if additional write ports or read ports are needed.



Listing 7.1 Register file with explicit decoding and multiplexing logic
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7.2.2 Dynamic array indexing operation 

Although the previous code is straightforward, the decoding and multiplexing statements become cumbersome as the size of the register file increases. An alternative method is to use dynamic indexing, in which a signal is used as an index to access an element in the array. The code for a parameterized register file is shown in Listing 7.2. The two parameters, DATA_WIDTH and ADDR_WIDTH, are defined in this design.



Listing 7.2 Register file with dynamic indexing
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Note that the array_reg[w_addr] <= ... and ... = array_reg[r_addr] statements infer the decoding and multiplexing logic, respectively. Although the description is more abstract, Vivado synthesis software recognizes this language construct and can derive the correct implementation accordingly.

The code can be easily revised to accommodate additional read or write ports. For example, a processor may need two read ports to access two operands and one write port to store the result back to a register. The revised code is shown Listing 7.3.



Listing 7.3 Register file two read ports
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7.2.3 Key aspects of a RAM module 

The basic characteristics of a memory module are specified by several aspects:


	Depth 

	Width 

	Number of ports 

	Direction of a port 

	Synchronicity of port access 

	Simultaneous address access



The depth is the number of the words in the module, which is usually a power of two. In our design, it is derived from the number of bits in the address signal. The ADDR_WIDTH parameter in Listing 7.2 specifies the number of address bits and it implies that the depth is 2ADDR_WIDTH. The width is the number of bits in a word. It is defined as the DATA_WIDTH parameter in Listing 7.2.

The number of ports specifies the number of access ports and direction of a port indicates whether the port is for read, write, or both. A write enable signal is associated with a port that supports the write operation. The common configuration supports one or two ports. The register file in Listing 7.2 has two ports, one for writing and one for reading.

The synchronicity indicates whether the read or write operation is controlled by a clock signal. For example, the write operation of the register file is controlled by a clock signal and thus the write operation is referred to as synchronous. On the other hand, its read operation is done by a multiplexer, which is a combinational circuit, and thus the read operation is referred to as asynchronous. To make the read operation synchronous, the read data needs to be registered. The revised code segment of Listing 7.2 becomes
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The simultaneous address access defines what happens when a read port and a write port have the same address. The main concern is whether the old or new write data is retrieved in the read operation. The above code segment specifies that the old data is retrieved. Note that writing data to the same address of two write ports is usually not allowed.



7.2.4 Genuine ROM 

Despite its name, a ROM (read-only memory) is a combinational circuit and has no internal state. Its output depends only on its input (i.e., address). There is no real embedded ROM in an FPGA device, but it can be emulated by a combinational circuit or a RAM with the write operation disabled.

A real ROM does not have a buffer or a clock signal. It cannot be realized by FPGA’s internal memory module. We include it in this section because its code structure is similar to that of a storage component. The template of a ROM is shown by an example in Listing 7.4. The code is to implement the hex-to-sevensegment LED decoder discussed in Section 3.10.1. The hex-to-seven segment LED decoder can be described as a 24-by-7 lookup table and a ROM can be used to store the table. The address of the ROM functions as the 4-bit hexadecimal input and its content is the corresponding LED patterns.



Listing 7.4 A true ROM using file
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The ROM is represented by a two-dimensional variable, hex_rom, and its content is specified in the led_pattern.txt file. Loading the file is performed by the statement

initial
  $readmemb(“led_pattern.txt”, hex_rom); 

Recall that an initial block is executed once when the system is initialized. The $readmemb() is a system function that reads the led_pattern.txt file and loads its content to the hex_rom variable. The b of $readmemb() indicates that the values should be in binary format. The alternative $readmemh() can be used for hexadecimal format. In this particular example, the file should contain 16 values, each with 7 bits. Since that the memory row is defined in ascending order, as in [0:15], the first value in file corresponds to the address 0000 of hex_rom. The content of the file is shown in the two comment lines of the code. Note that initial statement and file operation are generally reserved for simulation and should not be used in other synthesis context. Loading the ROM content is a special case.

This ROM can be instantiated in Listing 3.14 to replace the case statement:
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A ROM can be interpreted as a combinational circuit whose outputs are exhaustively listed in a table. Thus, a case statement can be used to describe ROM content. The code of the previous hex-to-seven-segment LED decoding ROM is shown in Listing 7.5.



Listing 7.5 A true ROM using case statement
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From the design and modeling points of view, the most accurate description is to treat the ROM as a two-dimensional constant or a a two-dimensional variable with initial values, as shown in Listing 7.6.



Listing 7.6 A true ROM with initial values
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Since this feature is not supported by Verilog, this coding style is not widely used.

Regardless of the coding, a ROM is synthesized as a combinational circuit with the logic cells. The code can be considered another form of a case statement. This type of ROM is feasible only for a small table. For larger amounts of data, the synchronous ROM template discussed in Section 7.4.5 should be used to take advantage of the FPGA’s internal memory modules (BRAMs).




7.3 FIFO BUFFER

A FIFO (first-in-first-out) buffer is an “elastic” storage between two subsystems, as shown in the conceptual diagram of Figure 7.2. It can be constructed by “wrapping” a regular memory component with a special controller. We use the register file as the storage and develop a FIFO buffer in this section. More sophisticated BRAM-based implementation is discussed in Section 7.4.6.
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Figure 7.2 Conceptual diagram of a FIFO buffer.




7.3.1 FIFO read configuration 

A FIFO buffer has two control signals, wr and rd, for write and read operations. When wr is asserted, the input data is written into the tail (i.e., end) of the buffer. When rd is asserted, the data is retrieved or removed from the head (i.e., front) of the buffer. The date retrieval is based on the order the data written to the buffer and thus is done in a first-in-first-out basis.

One subtle aspect of a FIFO buffer is its “read configuration,” which specifies how the data is retrieved and removed from the buffer. In the FWFT (first word fall through) configuration, the current data (i.e., the head of the buffer) is available automatically in the read data port without the assertion of any control signal. When a data word is written to an empty FIFO buffer, it “falls through” to the read data port immediately. The read signal, rd, actually functions as a “removal” signal. When it is asserted, the current head data is deleted from the buffer and the following data item in the buffer becomes available in the next clock cycle.

In the “standard” configuration, the read signal is used to retrieve the head data. When a data word is written to an empty FIFO buffer, the FIFO’s read port remains unchanged. The rd signal functions as a “request” signal. When it is asserted, the current head data is retrieved and becomes available in the next clock cycle. An FWFT FIFO buffer can be converted to a standard FIFO buffer by inserting an extra register, as shown in Figure 7.3.
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Figure 7.3 FWFT FIFO buffer conversion.



We use the FWFT FIFO buffer in this book.



7.3.2 Circular queue implementation 

One method to implement a FIFO buffer is to arrange the linear memory space as a circular queue with two pointers. The write pointer points to the head of the queue and the read pointer points to the tail of the queue. The pointer advances one position for each write or read operation. The operation of an eight-word circular queue is shown in Figure 7.4. A FIFO controller can be constructed to implement the circular queue algorithm.
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Figure 7.4 FIFO buffer based on a circular queue.



The complete FIFO buffer is composed of a FIFO controller and a register file and its top-level block diagram is shown in Figure 7.5. The FWFT configuration is used in this FIFO controller since the configuration is better suited for the asynchronous read operation of the register file.
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Figure 7.5 Block diagram of a register file based FIFO buffer.



The FIFO controller generates two status signals, full and empty, to indicate that the FIFO buffer is full (i.e., cannot be written) and empty (i.e., cannot be read), respectively. One of the two conditions occurs when the read pointer is equal to the write pointer, as shown in Figure 7.4(a), (f), and (i). The most difficult design task of the FIFO controller is to derive a mechanism to distinguish the two conditions. One scheme is to use two FFs to keep track of the empty and full statuses. The FFs are set to ’1’ and ’0’ during system initialization and then modified in each clock cycle according to the activities of the wr and rd signals.

The code of the FIFO controller is shown in Listing 7.7.



Listing 7.7 FIFO controller
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The controller consists of two pointers and two status FFs. Its next-state logic examines the wr and rd signals and takes actions accordingly. For example, let us consider the ”10” case, which implies that only a write operation occurs. The status FF is checked first to ensure that the buffer is not full. If this condition is met, we advance the write pointer by one position and clear the empty status FF. Storing one extra word to the buffer may make it full. This happens if the new write pointer “catches” the read pointer, which is expressed by the w_ptr_succ=r_ptr_reg expression.

Following the diagram in Figure 7.5, we can combine the controller and the register file to construct the complete FIFO buffer. The code is shown in Listing 7.8.



Listing 7.8 FIFO buffer
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7.4 HDL TEMPLATES FOR MEMORY INFERENCE

An FPGA’s embedded memory module is a macro cell and separated from the normal logic cells. There are several methods to incorporate the modules into a design. Our focus is on the behavioral HDL inference and several templates are provided in the following subsections.


7.4.1 Methods to incorporate memory modules 

In Vivado Design Suite, embedded memory modules can be incorporated in three ways:


	By HDL instantiation 

	By the Block Memory Generator and Distributed Memory Generator utility programs 

	By a behavioral HDL inference template 



The first two methods are specific for Xilinx devices. In the first method, we copy the instantiation code segment and manually modify the parameters and attributes to obtain the desired configuration. But doing so is tedious and error prone. In the second method, the utility program guides us through the configuration process and generates the instantiation code. It basically automates the process of the first method. However, the generated code is in Xilinx’s own format and is difficult to understand.

The third approach is to use behaviorial HDL templates to infer the internal memory module. The HDL code is very general and can actually describe the desired memory configuration and needed functionalities. However, the synthesis software may or may not recognize the description and designer’s intention. If not recognizing the pattern, the software will synthesize the module from generic logic cells rather than inferring a memory macro cell. To overcome the problem, we need to consult the vendor’s manual and follow the suggested HDL templates.

The templates are done by behavioral descriptions and contain no device-specific component instantiation. They are easy to understand and can be simulated as regular HDL codes. On the downside, the template approach is based on the ability of the software to recognize the template and infer the proper memory module accordingly. This may not be achieved by other third-party synthesis software. Thus, these templates can best be described as “semi-portable” and “semi-device independent” behavioral descriptions.

To use behavioral HDL description to infer the memory module, the vendor’s suggested templates should be followed closely. In the following subsections, we discuss the behavioral HDL templates for four BRAM-based configurations, including a synchronous dual-port RAM, a “simple” synchronous dual-port RAM, a synchronous single-port RAM, and a synchronous ROM. The discussion does not include templates for the distributed RAM since it is less configurable and not portable.

To help the software recognize these templates, the codes should not be mixed with other logic. A template should be confined in an individual file and then instantiated as a component. It is a good idea to check the synthesis report to ensure that the desired memory module is inferred correctly.



7.4.2 Synchronous dual-port RAM 

A synchronous dual-port RAM includes two ports for memory access. Each port can conduct read or write operation independently and has its own set of address, data input and output, and control signals. Both read and write operations are synchronous. The template for a synchronous dual-port RAM is shown in Listing 7.9.



Listing 7.9 Template for a synchronous dual-port RAM
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If desired, the initial values can be loaded into the RAM by adding an initial block similar to that in Listing 7.4:

initial
   $readmemb(“init_value.txt”, ram);

The synchronous dual-port RAM is the most general configuration. When instantiated, it can be converted to other configurations by connecting its unused inputs to 0’s and not connecting its unused outputs. The “simple” dual-port RAM, single-port RAM, and synchronous ROM can be considered trimmed versions of the dual-port RAM.



7.4.3 “Simple” synchronous dual-port RAM 

A “simple” dual-port RAM contains two ports in which one port is dedicated for the write operation and the other port is dedicated for the read operation. The HDL template is shown in Listing 7.10.



Listing 7.10 Template for a “simple” synchronous dual-port RAM
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Although basic code structure looks like that of the register file in Listing 7.2, there is a major difference. The read data statement of the dual-port RAM is within the clocked block but the statement of the register file is outside the block. This implies that the read operation of a simple dual-port RAM is controlled by the clock signal and thus is synchronous. Its data becomes available at the rising edge of the next clock.



7.4.4 Synchronous single-port RAM 

The code of a synchronous single-port RAM is similar to that of the dual-port RAM except that one port is omitted. The template is shown in Listing 7.11.



Listing 7.11 Template for a synchronous single-port RAM
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7.4.5 Synchronous ROM 

An external RAM devices cannot keep its content when the power is turned off. In other words, the content of a RAM device is undefined when the power is turned on. However, it is possible to define the initial values of FPGA’s internal memory modules. When an SRAM-based FPGA device is “programmed,” the configuration file is loaded to the device’s configuration memory. The initial values of the internal memory modules can be embedded within the configuration file and written into the modules in the programming process. When the configuration is completed, the memory modules are initialized as well. If the content of a memory module is not updated during the operation, it maintains its original values and behaves like the ROM discussed in Section 7.2.4. This is an efficient way to implement large lookup tables or to store read-only data.

The read operation of a BRAM is controlled and synchronized by a clock signal and thus the ROM must include a clock signal as well. After an address change, it takes one clock cycle to output the new data. Because of this behavior, it is called a synchronous ROM. The initial values can be loaded into a synchronous ROM with an initial block and the previous ROM code in Listing 7.4 can be modified for a synchronous ROM as shown in Listing 7.12. It can now be used as a template for the synchronous ROM.



Listing 7.12 Template for a synchronous ROM
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Note that the rom readout is buffered via a register.

Although the codes for the real ROM and synchronous ROM differ only by a register, their implementations are very different. The “content” of a real ROM is converted to a combinational circuit and constructed with FPGA’s logic elements. On the other hand, the synchronous ROM is constructed with FPGA’s BRAM module and its content is loaded into the BRAM’s initial values when the device is configured.



7.4.6 BRAM-based FIFO buffer 

The FIFO buffer discussed in Section 7.3 is adequate for simple applications. If a large buffering space is required, it is more efficient to use FPGA’s internal memory modules as the storage. An important design issue is the handling of simultaneous address access. Recall that the read pointer and write pointer point to the same address when a FIFO buffer is empty. At the time of the first write operation, the write and read operations access the same address at the same time. The memory module’s simultaneous address access behavior and timing play a critical role on the FIFO construction. It must be examined carefully to ensure the correct operation of the FIFO buffer.

A FIFO buffer is a commonly used component and synthesis software, including Vivado, provides a variety of pre-designed FIFO buffer cores. In fact, the BRAM module of the Artix device can be configured as a FIFO buffer without any external logic. These cores can be used if a large and robust FIFO buffer is needed. A BRAM-based dual-clock FIFO buffer is used later in Section 22.4.



7.4.7 Design considerations 

The FPGA’s memory modules are very versatile resources and can be used to implement a variety of circuits, such as a faster buffer and a lookup table. However, these modules can only be configured to a limited degree. We may need to manually derive the code for a specific feature. For example, suppose that we need a synchronous tri-port RAM, which has two read ports and one write port, similar to the register file of Listing 7.3. The HDL description of Listing 7.10 can be expanded to include another port. The internal memory module will not be inferred since it cannot support three access ports. However, closer observation shows that we can duplicate the data in two dual-port memory modules, as shown in Figure 7.6. It can be manually done by instantiating two normal simple dual-port RAMs.
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Figure 7.6 Tri-port RAM constructed with two dual-port RAM.



Sometimes the internal RAM cannot support the desired features. For example, BRAM’s read operation is synchronous and thus cannot realize the asynchronous operation of the register file in Listing 7.2. To make the most of BRAMs, we may need to alter the behavior of the register file to match the characteristics of the BRAM. Another example is the synchronous ROM, in which a clock signal is included to match BRAM’s synchronous behavior. Of course, the upper-level system that instantiates the register file or ROM needs to be revised to accommodate the change.

Also, since the minimum capacity of a BRAM module is 16K bits, the software may decide to use logic cells to construct a small RAM. After synthesis and implementation, we can check the utilization report to see whether BRAMs are inferred and used.




7.5 OVERVIEW OF MEMORY CONTROLLER

The FPGA’s internal memory modules are intended for small buffers and lookup tables and their capacity is limited. External memory devices, particularly SDRAM, should be used for massive storage.

A memory controller is an interface circuit between the user logic and the physical memory devices. The user logic, such as a processor, issues the desired read or write transactions. The memory controller manages the transaction requests, translates it to proper SDRAM commands, and accesses data from the SDRAM devices. Designing a high-performance memory controller is a complex task. FPGA vendors usually supply predesigned IP cores for this purpose. Xilinx provides a utility program, Memory Interface Generator (MIG), to generate and configure a memory controller instance that matches the specification of a specific SDRAM module. For the user logic, the memory controller appears as FIFO buffers and it can read data from or write data to the SDRAM device via the FIFO interface.

The conceptual diagram of memory controller is shown in Figure 7.7. It contains a transaction management circuit, a command engine, a physical interface, and a clock management circuit.
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Figure 7.7 Conceptual diagram of an SDRAM controller.



An SDRAM’s access time is not fixed and its data traffic tends to be bursty. Furthermore, the memory may be shared by several subsystems. The transaction management circuit provides buffering, arbitrates the transaction requests, and presents a simpler interface for the user logic.

The command engine accepts a transaction request and then generates a sequence of SDRAM commands and control signals to control the address and data buffers and to access the SDRAM module. It is an FSM with various buffering registers and timers.

The physical interface translates the “electrical characteristics” between the normal FPGA logic cells and the SDRAM device. In addition, because of the high data rate and off-chip access, the analog aspect of the signal, such as noise, cross-talk, and transmission-line reflection, can no longer be ignored. The physical interface helps maintain the signal integrity as well. It is composed of I/O macro cells with special buffering, driving, and termination circuitry.

The clock management circuit generates and fine-tunes the frequencies and the phases of the clock signals required by various memory controller circuits.

The implementation of a memory controller depends on the external memory devices, FPGA devices, and even the wire routing on the prototyping boards. Each controller must be individually customized and configured and the resulting instance is tailored to a specific prototyping board. Since the primary focus of this book is on developing portable codes, the derivation of SDRAM controller for the Nexys 4 DDR board is not covered. Detailed information can be found in bibliographic section.



7.6 BIBLIOGRAPHIC NOTES

Xilinx’s user guide UG473, 7 Series FPGAs Memory Resources User Guide, provides detailed information on the block RAM. Its two product guides, PG059 Block Memory Generator and PG 063 Distributed Memory Generator, describe the two utility programs. Chapter 3 of the UG901 Vivado Design Suite User Guide: Synthesis, titled HDL Coding Techniques, includes about two dozen HDL code templates to infer various memory configurations.

A text, titled Memory Systems: Cache, DRAM, Disk by B. Jacob et al., has a full discussion of SDRAM operations and organization. Xilinx’s user guide UG586, 7 Series FPGAs Memory Interface Solutions, describes the use the MIG utility and product guide PG150, UltraScale Architecture Based FPGAs Memory IP, provides detailed information on the memory controller core.



7.7 SUGGESTED EXPERIMENTS


7.7.1 ROM-based sign-magnitude adder 

We can implement any n-input, m-output function with a 2n-by-m ROM. Consider the sign-magnitude adder discussed in Section 3.10.2 and assume that a and b are 4-bit input signals. Design this circuit as follows:

	Write a program in a conventional programming language, such as C or Java, to generate a 28-by-4 truth table for this circuit. 

	Follow the ROM template in Listing 7.12 to derive the HDL code. Cut and paste the table to the code. 

	Synthesize the circuit and verify its operation. 

	Check the synthesis report and compare the sizes (in terms of the number of logic cells) of the original implementation and the ROM-based implementation. 

	Expand a and b to 8-bit input signals and repeat steps 1 to 4. 





7.7.2 ROM-based temperature conversion 

Temperature can be measured in Celsius or Fahrenheit scale. Let c and f be a temperature reading in Celsius and Fahrenheit scales. They are related by
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The conversion involves multiplication and division operations and direct implementation requires a significant amount of hardware resource. For a simple application, such as a digital thermometer, we can create a lookup table for conversion and store it in a ROM.

Consider a conversion circuit with following specification:

	The range is between 0°C and 100°C (32°F and 212°F). 

	The input and output are in 8-bit unsigned format. 

	A separate format signal indicates whether the input is in Celsius or Fahrenheit scale. The output is to be converted to the other scale. 



We can create two lookup tables for the two conversions. Note that because of the small size of these tables, it is possible to store the two tables in a single BRAM module. Design the circuit and verify its operation.



7.7.3 FIFO with data width conversion 

In some applications, the widths of the write port and read port of a FIFO buffer may not be the same. For example, a subsystem may write 16-bit data into the FIFO buffer and another subsystem only reads and removes 8-bit data at a time. Assume that the width of the write port is twice the width of the read port. Redesign the FIFO with a modified controller and register file and verify its operation. The DATA_WIDTH genericparameter should be the width of the read port.



7.7.4 Standard FIFO to FWFT FIFO conversion circuit 

Some pre-designed FIFO cores only support the standard read configuration. We can transform it to an FWFT FIFO by “wrapping” it with a conversion circuit. Design the conversion circuit and verify its operation. The standard FIFO buffer can be obtained from a pre-designed core or constructed following the block diagram in Figure 7.3.



7.7.5 FIFO buffer with extended status 

Two status signals, full and empty, are included in the FIFO buffer of Section 7.3. We want to expand the FIFO buffer with additional signals:

	word_count: indicates the current occupancy (number of data words) of the FIFO buffer 

	almost_empty: is asserted when the current FIFO occupancy is below one quarter (25%) of its capacity 

	almost_full: is asserted when the current FIFO occupancy is above three quarters (75%) of its capacity 



Redesign the FIFO with a modified controller and register file and verify its operation.



7.7.6 Stack 

A stack is a last-in-first-out buffer in which the last stored data is retrieved first. Storing a data word to a stack is known as a push operation, and retrieving a data word from a stack is known as a pop operation. The I/O signals of a stack are similar to those of a FIFO buffer except that we generally use the push and pop signals in place of the wr and rd signals. Design a stack using a register file and verify its operation.




CHAPTER 8 
SELECTED TOPICS OF SYSTEMVERILOG 


Since the main focus of this book is on digital design, we just introduce the minimal subset of SystemVerilog and rely on some simple guidelines and templates. In this chapter, we examine several synthesis related topics in more detail and explain the rationales behind these guidelines and templates. The topics focus on the SystemVerilog timing model and data types. A better grasp of these topics helps us develop more robust and sophisticated codes. This chapter can be skipped without affecting the remaining chapters.


8.1 TIMING MODEL

SystemVerilog is intended to describe and model the concurrent activities of hardware. Its semantics (i.e., “meaning”) can be best explained by its simulation timing model. As the name suggests, the model is used by a software simulator to examine the operation and responses of HDL codes in a host computer.

The simulation results exhibit the expected hardware behavior defined by SystemVerilog Language Reference Manual. Synthesis can be regarded as the process to derive the physical hardware to match the simulation results defined by the language standard. Thus, studying the simulation model helps us better understand the language constructs and derive better and more accurate synthesizable codes. The SystemVerilog simulation model is quite complex. Our discussion uses a simplified model and only covers the portion relevant to RT-level design. The main focus is on the “semantics” behind the blocking and nonblocking assignments.


8.1.1 Concurrent constructs 

As discussed in Section 1.4.3, we treat a synthesizable RT-level SystemVerilog module as a collection concurrent constructs, each representing a circuit part. The three main constructs are as follows:


	Continuous assignment 

	Always block 

	Module instantiation



For our discussion in this chapter, we use the term “always block” to represent the original genuine always block as well its variants, the always_comb, always_ff, and always_latch blocks.

When the SystemVerilog code is elaborated for simulation and synthesis, the bodies of the instantiated modules are substituted into these instances. The substitution procedure is performed repeatedly until all the instantiated modules are replaced. The “flattened” code thus contains only the continuous assignments and always blocks.

Thus, the continuous assignment and always block can be treated as two basic concurrent constructs in an RT-level module. A construct responds to the change on its inputs and generates outputs accordingly. The constructs of a module run continuously and in parallel. The SystemVerilog simulation model specifies how the concurrent operations are executed.



8.1.2 Assignment statement 

An assignment statement assigns a new value to a variable. We consider three basic types of assignment statements in an RT-level module:

	Continuous assignment 

	Blocking assignment in always block 

	Nonblocking assignment in always block


An assignment statement is composed of two activities:


	Evaluation: evaluate the RHS (right-hand-side) expression. 

	Update: update the LHS (left-hand-side) variable with the RHS result. 



Separation of the two activities facilitates the modeling of various hardware propagation delays. For example, an optional 5-unit delay is added into the RHS of the following assignment:

y <= #5 a+b;

When this statement is activated, the expression a + b is evaluated and y remains unchanged. It is updated 5 time units later. This models the propagation delay of the adder (inferred by the + operator), which takes 5 time units to complete.



8.1.3 Basic model 

When a testbench is simulated, the software simulator maintains a simulation time, which models the physical time progress. A time slot encompasses all the activities of a particular time and is divided into several ordered regions. For our RT-level modeling and design, the focus is on the active region and the NBA (nonblocking assignment) region, as shown in the right portion of Figure 8.1.
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Figure 8.1 Simulation timing model.



The active region contains the following types of activities:

	Evaluation and update of continuous assignment 

	Evaluation and update of blocking assignment 

	Evaluation of nonblocking assignment  



The NBA region contains only one type of activity:


	Update of nonblocking assignments


During simulation, an ordered list of time slots is constructed. It maintains the current and all future activities, as shown in the left portion of Figure 8.1. The order of execution follows the flow of the diagram:


	Complete the activities in the active region of the current time slot. 

	Complete the activities in the NBA region of the current time slot. 

	Progress to the next time slot and repeat the procedure.



Note that the activities and time slot changes dynamically and thus the actual execution is much more complicated. When an activity is completed, it may spawn many activities. For example, a variable can be in the sensitivity list of several always blocks. When it is updated, these blocks are activated and create a new collection of activities. If there is no delay specified, these activities are added to the activity lists of the current time slot. The feedback loops shown within the time slot of Figure 8.1 represent the newly spawned activities. The loop may repeat several times until all activities are exhausted.

If a delay is specified with an activity, the activity will be scheduled into a future time. If the corresponding time slot does not exist, a new time slot will be created and inserted into the ordered list.

In a region, the activities come from different always blocks and continuous assignments. The SystemVerilog standard does not specify the order of execution within a region. Suppose that the activities are from two always blocks. The simulator can complete all the activities from block 1 first or complete all the activities from block 2 first or execute the activities from both blocks alternatively. A poorly crafted code may lead to different results when the order of execution changes and cause discrepancies between different simulators or between simulation and synthesis.



8.1.4 Blocking versus nonblocking assignment 

With the simulation timing model, we can reexamine the behaviors and differences of the blocking and nonblocking assignments. Since our emphasis is on the design description, our discussion assumes that no physical delay is associated with an assignment. Thus, all the activities happen in the same time slot.

Blocking assignment 

Recall that the syntax is of a blocking assignment is

[variable_name] = [expression];

When the assignment is executed, the RHS expression evaluation and the LHS variable update are performed in the active region and without interruption from any other activities. Thus, it “blocks” the other assignments until execution of the current operation is completed. A more descriptive term should be immediate assignment since the variable is updated immediately after evaluation. The behavior of the blocking assignment is similar to the variable assignment in the C language.

Let us reconsider a three-input and circuit. It can be described with blocking assignments shown in Listing 8.1.



Listing 8.1 And circuit using blocking assignments
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When an input changes, the always block is activated and the simulation enters the active region. The statements executed as follows:


	Evaluate RHS of the first statement (i.e., a) and update LHS variable (i.e., y). Upon completion, y assumes the value of a. 

	Evaluate RHS of the second statement (i.e., y & b) and update LHS variable (i.e., y). Upon completion, y assumes the value of a & b. 

	Evaluate RHS of the third statement (i.e., y & c) and update LHS variable (i.e., y). Upon completion, y assumes the value of a & b & c. 



The simulation then enters the NBA region. Since there is no activity, the execution of the current time slot is completed. The entire operation within the always block is similar to the execution of sequential statements in the C language.

Note that the code is just for demonstration purposes. It is a poor practice to describe hardware using the sequential semantics.

Nonblocking assignment 

Recall that the syntax of a nonblocking assignment is

[variable_name] <= [expression]; 

The execution of the assignment is done in two different regions. When it is activated, the RHS expression evaluation is executed in the active region and its result is put on the activity lists of the NBA region. The simulator continues the execution of the activities in the active region. If the variable is referred in this region, its previous value, not the evaluation result, is used for computation. When all the activities in the active region are completed, the simulation moves to the NBA region and the LHS variable is the updated. The assignment is known as “nonblocking” since other statements can be executed between the expression evaluation and the update. A more descriptive term should be deferred assignment since the update is deferred to the end of the current active region. For a simple always block, the update is done in the end of the block.

For comparison purposes, we replace the blocking assignments with nonblocking assignments of the previous example and the revised code is shown in Listing 8.2.



Listing 8.2 And circuit using nonblocking assignments
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When an input changes, the always block is activated and the simulation enters the active region.


	Evaluate RHS of the first statement (i.e., a) and schedule the update of y (with the value of a) in the NBA region. 

	Evaluate RHS of the second statement (i.e., y & b) and schedule the update of y (with the value of y & b) in the NBA region. The new value replaces the previous value of a. 

	Evaluate RHS of the third statement (i.e., y & c) and schedule the update of y (with the value of y & c) in the NBA region. The new value replaces the previous value of y & b. 



The simulation then enters the NBA region and the activity is executed as follows:


	Update LHS variable (i.e., y) with the value of y & b.




The first two assignments have no effect and the code is the same as


    always comb
       y <= y & c; 

It is a circuit with a closed-loop feedback and clearly incorrect.

The behavior of the nonblocking assignment is unique to SystemVerilog and no equivalent language construct can be found in C. One way to interpret the behavior of a nonblocking assignment is to associate the variable with a current value and a deferred value. Let x be the variable assigned in a nonblocking assignment. It can be interpreted as follows:

	The current value of x is assigned to xentry in the beginning of the always block. 

	xdeferred replaces x in LHS variable. 

	xentry replaces x in RHS expressions. 

	The value of xdeferred is assigned to x at the end of the always block.  



An interpretation is shown in the comments of the following code segment:
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With this interpretation, the always block in Listing 8.2 can be annotated as follows
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This leads to

y <= y & c; 




8.2 CODING GUIDELINES REVISITED

Our coding practice so far follows the guidelines provided in Section 3.3:


	Separate the design into registers and combinational circuits. 

	Use always_comb and blocking (immediate) assignments for a combinational circuit. 

	Use always_ff and nonblocking (deferred) assignments for a register. 

	Assign a variable only in a single always block.  



With understanding of the timing model, we can examine the motivations behind these guidelines. The first guideline can be relaxed to allow an alternative coding style and this is to be discussed in Section 8.3. The other three guidelines are discussed in the following subsections. 

Note that the SystemVerilog timing model only guarantees the following:


	The procedural statements within the same always block are to be executed in the order stated. 

	The update activities in the NBA region are to be executed after the completion of the active region. 



It does not specifies an “ordering mechanism” within the same region and thus the activities can be rendered in any order. The “ordering” depends on the implementation of individual software tools. Because of different implementation, the same SystemVerilog code may infer different circuits and all circuits are considered correct by the language standard. In other words, a synthesis tool and a simulation tool may use different models and two synthesis tools may infer different physical circuits. In SystemVerilog and Verilog literatures, this is said that the code leads to a race condition. Note that the term is misleading since the discrepancy is not based on circuit behavior (like in a closed combinational loop) but comes from the language deficiency.

The purpose of the guidelines is to develop codes that can generate repeatable and consistent results among different simulation and synthesis software tools and avoid language-induced discrepancies.


8.2.1 “Single variable assignment” guideline 

This guideline specifies that a variable can only be assigned (i.e., appeared in LHS) in a single always block. Recall that an always block itself is a concurrent construct and can be treated as a circuit part. When activated, it executes the procedural statements sequentially and eventually reaches the end of block. The variables in LHS are assigned stable values. These variables can be accessed by other concurrent constructs and they can be interpreted as the output signals of the block.

Recall that when the same signal is assigned in multiple continuous assignments, it is like that a wire is driven by multiple circuits, which leads to conflict or a special tristate buffer connection, as demonstrated in Figure 3.2. The behavior is defined by SystemVerilog and reflects the operation of a physical circuit.

On the other hand, assigning a variable in multiple always blocks leads to a race condition. Consider the following code segment:
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When an input changes, both always blocks are activated and the two statements are added to the active region. Since the order within the active region is not specified, either statement can be executed first. This leads to different results. However, from SystemVerilog’s point of view, both results are valid. Similarly, synthesis software can infer either an adder or a subtractor and both implementations are correct.

Assigning a variable in multiple always blocks does not describe any behavior existing in a physical circuit. It is an design error and leads to the race condition in simulation and synthesis. Thus, it should be avoided in code.



8.2.2 “Blocking assignment for combinational circuit” guideline 

In a combinational circuit, the output responds to an input change immediately. The immediate updating of the blocking assignment describes this characteristic better and thus the blocking assignment is preferred for the circuit. The examples of Listings 8.1 and 8.2 demonstrate the differences between blocking and nonblocking statements and highlight the potential problem of using nonblocking statement for a combinational circuit.

The two preceding examples can be considered to be extreme cases. Except for the default value, most codes for combinational circuits do not assign the same variable multiple times. Both blocking and nonblocking assignments can be used to describe the same circuit. However, there are subtle differences. The following example explains the differences. Let us consider the 1-bit equality circuit discussed in Section 1.2. The revised code using blocking assignments is shown in Listing 8.3.



Listing 8.3 Equality circuit using blocking assignments
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When one of the inputs in always block changes, the always block is activated, the three statements are evaluated and updated sequentially in the active region and eq obtains the correct value.

We can replace the blocking assignments with nonblocking assignments, as shown in Listing 8.4. The interpretations of these assignments are shown as comments.



Listing 8.4 Equality circuit using nonblocking assignments
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When i0 or i1 changes, the always block is activated. The RHS expressions of the three statements are evaluated in the active region. After completion of the execution in the active region, the resulting values are then used to update the three variables in the NBA region. While p0 and p1 obtain new values, eq remains the same since the evaluation of the p0|p1 in done in the active region and thus based on the old values of p0 and p1 (i.e., p0entry and p1entry).

After completion of the execution of the current simulation cycle, the always block is activated again because p0 and p1 change. The eq variable is updated with the new values of p0 and p1 at the end of the second simulation cycle. Note that the result will be the same if we change the order of these statements.

Although both codes lead to the same circuits, the nonblocking version activates the always block twice. While multiple activations are fine for a pure combinational circuit, they cause serious issues for the “merged coding style” discussed in Section 8.3.3. As a result, the guideline recommends using blocking assignments to describe combinational circuits.



8.2.3 “Nonblocking assignment for register” guideline 

In the coding templates in Section 4.2, nonblocking assignments are used to infer register or memory. For example, the code for a D FF is

always_ff @( posedge clk ) 
  q <= d; 

It is possible to infer a memory element using a blocking assignment, as in

always_ff @(posedge clk ) 
  q = d; 

Although the code works properly for an isolated FF, there are some subtle problems when multiple registers interact with each other.

Consider two registers that swap data in every clock cycle. With blocking assignments, the code becomes

always_ff @( posedge clk ) 
  a = b; 

always_ff @( posedge clk ) 
  b = a; 

At the rising edge of clk, both always blocks are activated. The evaluation and update of the a = b statement and the evaluation and update of the b = a statement are put in the activity list of the active region. Recall that the order of execution is not specified in the active region. If the assignment in the first always block is executed first, a gets the value of b immediately. When the assignment in the second always block is executed, b gets the updated value of a, which is its original value and thus its value remains the same. Similarly, a gets its original value if the assignment in the second always block is executed first. The code does not correctly describe the desired data-swapping operation and leads to a race condition.

Now let us revise the code with nonblocking assignments (the begin and end delimiters are added to accommodate the comments):
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At the rising edge of clk, both always blocks are activated. The RHS evaluations of two nonblocking assignments are done in the active region. Note that the RHS of a <= b is simply the current value (“entry” value) of b and the RHS of b <= a is simply the current value (“entry” value) of a. After the completing the execution in the active region, the two LHS variables are updated in the NBA region. Since the evaluation and update are done in separate regions, both a and b get the correct values regardless of the order of execution inside the regions.

Because the blocking assignments model the desired behavior and avoid the race condition, the guide states that nonblocking assignment should be used to infer FFs and registers.




8.3 ALTERNATIVE CODING STYLE

Two possible coding styles of sequential circuits are discussed in Section 4.1.4:


	Separate the register and code it as an isolated always block. 

	Combine the register and next-state logic in the same always block.


The first coding style mirrors the block diagram of a sequential circuit and is used through the book.

The second coding style needs to accurately describe combinational logic and registers in the same always block. It can be done after we have a good comprehension of the timing model and the underlying mechanism of the blocking and nonblocking assignments. This section provides a brief review of the first coding style and illustrates the development of the second coding style.


8.3.1 First coding style revisited 

The first coding style separates the register from the overall circuit and codes it as an individual always block. From design point of view, the code segments mirror the block diagram of a sequential circuit shown in Figure 4.2 and the description can be easily mapped to a physical implementation. For example, consider the code for the free-running binary counter:
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We can easily identify the register and the next-state logic and derive the conceptual diagram if needed. Note that the code segments follow the guidelines discussed in Section 8.2.

The coding style also “matches” closely with the timing model. Consider the operation of one clock cycle. At the rising edge of the clock, the first always block is activated. At the active region, the evaluation of the RHS expression simply obtains the value of q_next and does not involve any other computation. The q_reg is then updated in the NBA region. The change of q_reg activates the second always block (combinational logic). Its statement is executed in the active region and updates q_next. Basically, the register and combinational blocks are “mapped” to the NBA region and the active region, respectively. This simple coding style and the guidelines avoid all the subtleties of timing model and deliver the reliable and robust description.

The main disadvantage of this style is the lack of “modularity.” One important practice for software development is to divide the code into independent and well defined units, each containing everything necessary to execute the designated functionality. The same practice can be applied for the HDL code development. For example, the previous binary counter is likely to be a unit of a larger design and its code should be confined in a single segment. However, the previous code is separated in two segments, which can be placed in anywhere. In addition, the q_next variable is “internal” to the unit and should not be declared as a global variable. The second combined coding style is more modular and thus is better in this aspect. The resulting code is also shorter and more compact. For example, the previous counter example can be rewritten as (detail to be discussed in Section 8.3.3):
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8.3.2 Sequential circuit with mixed blocking and nonblocking assignments 

The code in the second style includes both blocking and nonblocking assignments in the same always block. We use a simple example to explain the behaviors of various combinations and to better understand their usage.

Consider the circuit in Figure 8.2(b). It performs the and operation over a and b and stores the result to a D FF at the rising edge of the clock. Based on our previous approach, we can separate the register and the combinational circuit and derive the two-segment code, as shown in Listing 8.5.
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Figure 8.2 Circuits inferred by mixed assignment.





Listing 8.5 Two-segment implementation
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Alternatively, we can combine the two segments and describe the circuit in a single always block. Six attempts, with various combinations of blocking and non-blocking assignments, are made in Listing 8.6.



Listing 8.6 Mixed assignment example
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In attempt 0, assignments to ab0 and q0 infer two registers initially, one to store the registered ab0 and one to store the registered q0. Since ab0 is updated immediately by the blocking assignment, q0 gets the value of a & b. The corresponding circuit diagram is shown in Figure 8.2(a). Since ab0 is not used outside the always block, the registered ab0 output is not needed and thus the corresponding register is removed. The resulting diagram is shown in Figure 8.2(b), which is the desired circuit.

In attempt 1, a blocking assignment is used for ab1. The corresponding interpretation is shown in the comments. Note that q1 gets ab1entry, not ab1deferred. The ab1entry is the previous stored value of ab1 and corresponds to the registered output. The corresponding diagram is shown in Figure 8.2(c). An unintended input buffer is inferred and the storage of a & b is delayed by one clock cycle.

In attempt 2, blocking assignments are used for both ab2 and q2. The circuit inferred is identical to that in attempt 0, as shown in Figure 8.2(a) and (b). Since using blocking assignments to infer FFs may introduce a race condition, as discussed in Section 8.2, this type of code is not recommended.

For demonstration purposes, let us examine what happens after switching the order of the assignments of attempts 0, 1, and 2. The results are shown in attempts 3, 4, and 5. In attempt 3, ab3 is used before it is assigned a new value. Thus, q3 gets the “previous value” from the earlier activation. The value is stored in a register and corresponds to the registered a & b. The inferred circuit corresponds to the diagram in Figure 8.2(c). In attempt 4, switching the order has no effect on the code, as explained by the interpretation in the comments. It is identical to the code in attempt 1. In attempt 5, ab5 is used before it is assigned a new value and thus q5 gets the registered a & b. It infers a circuit identical to that in attempt 3.

In summary, only the code in attempt 0 describes the desired circuit correctly and reliably.



8.3.3 Combined coding style 

With an understanding of blocking and nonblocking assignments, we can merge the register and the next-state logic into a single always block. This style of coding tends to be more compact. The code should follow the approach of attempt 1 in Section 8.3.2. The two coding guidelines in Section 3.3 can be refined slightly as follows:


	Use blocking assignments to obtain intermediate results of the next-state logic. These assignments should be sequenced in proper order. 

	Use nonblocking assignments to assign the intermediate results to registers. The following examples illustrate this style. 



Binary counter
 
The free-running counter is discussed in Section 4.3.2. We can revise the code in Listing 4.11 to combine the next-state logic and the register, as shown in Listing 8.7.



Listing 8.7 Free-running binary counter with merged register and next-state logic
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The code incorporates the next-state logic within the always block with a blocking assignment:

r_ next = r_reg + 1;

The r_next is updated immediately and thus a combinational circuit is inferred. Because r_next is only used within this block, it is declared within the block as a local variable and not visible outside.

Note that the output logic description

assign max_tick = r_reg == 2** N -1;

must be placed outside the always block. If it is within the block, an extra FF is inferred for max_tick and introduces a delay of one clock cycle.

Since r_next is not used in another place, we can merge the two statements

r_next = r_reg + 1; 
 r_reg <= r_next ; 

into

r_reg <= r_reg + 1; 

to make the code more compact. The resulting code is shown in Listing 8.8.



Listing 8.8 Free-running binary counter with compact code
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The universal binary counter in Listing 4.12 can be modified in a similar way and the code is shown in Listing 8.9.



Listing 8.9 Universal binary counter with merged register and next-state logic
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Note that the last else branch is omitted. It implies that r_reg gets its previous value. This is exactly the desired behavior.

FSM

The state register and next-state logic of an FSM can be merged in a similar way. For example, consider the FSM in Listing 5.1. The revised code is shown in Listing 8.10.



Listing 8.10 FSM with merged register and next-state logic
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Since the outputs are not registered, the corresponding statements must be placed outside the always block.

FSMD

We can apply the same approach to an FSMD as well. Consider the division FSMD example in Listing 6.4. The revised code is shown in Listing 8.11.



Listing 8.11 Division FSMD with merged register and combinational circuit
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Note that the code is more complex. It includes a section for data path functional units that generate intermediate results. Some intermediate variables, such as n_next, are used in multiple places later.



8.3.4 Summary 

In summary, it is possible to merge the next-state logic and register into one always block. The code developed in this style is more modular and tends to be more compact. However, the code must be crafted carefully to avoid unintended registers. It is recommended only after we have a good understanding of blocking and nonblocking assignments.




8.4 DATA TYPES

SystemVerilog provides a rich set of data types. To obtain portable synthesizable code, only a small subset is used in our book, as discussed in Section 1.3.2. This section provides a more in-depth review of these data types. Signed and unsigned data types are also an important topic and they are discussed separately in Section 8.5.


8.4.1 The net and variable types 

Verilog-2001 categorizes data types in two main groups: net and variable. Data types from both groups assume values from the four-state set, which contains 0, 1, x, and z, discussed in Section 1.3.2.

The data types in the net group are intended to represent the physical connections between hardware components. They are used as the outputs of continuous assignments and as the connection signals between different modules. The most commonly used data type in this group is wire. As the name indicates, it represents a connecting wire. The tri data type is identical to wire and is used to emphasize that a tristate buffer is involved in the connection.

The data types in the variable group are intended to represent abstract storage in behavioral modeling and are used in the outputs of procedural assignments. The most commonly used data type in this group is reg. The integer data type also belongs to this group.

Verilog-2001 has a specific set of rules and restrictions regarding the assignment and connection of signals from different the groups. For example, an output variable from the always block cannot be connected to a port of wire type, as in
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To fix the syntax error, the code must be revised as
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8.4.2 The logic data type 

The names of the wire and reg types are misleading. A signal declared with the wire type can be a connection wire or a component with memory (e.g., a latch). A variable declared with the reg type may or may not infer a register. It can be a connecting wire, a register, a latch, or a “C-like software variable.”

Furthermore, the rules and restrictions imposed on assignment and connection of signals from the different groups can be confusing and unnecessary.

To fix the problem, SystemVerilog introduces the logic data type. It can be in the variable group or net group, which is inferred automatically from context. The logic type assumes the values from the four-state set and can replace the wire and reg types in most of the codes. In addition, its name does not imply a specific hardware component and thus is more descriptive. We use this data type throughout of the book.



8.4.3 Limitation of the logic data type 

One limitation of the logic type is that it may not be able to correctly model a signal driven by multiple circuits. For example, consider the circuit in Figure 3.2(a), in which y is driven by two gates. We may attempt to describe the circuit with the following code:
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While it is syntactically correct, the code does not describe the desired behavior. The y is treated as some sort of “shared variable” and leads to a race condition, as discussed in Section 8.2.1.

On the other hand, the circuit can be accurately described with the wire type:

wire y;

assign y = a & b; 
assign y = a | b; 

During simulation, a resolution function associated with the wire type will be invoked to resolve the multiple-driven output condition. For example, if a & b and a | b are 0 and 1, y gets an x value for conflict, which correctly reflects the desired behavior.

Except for the tristate buffer, modern device technology does not allow multiple circuits to drive the same wire. The previous circuit is a design error. The only possible valid design scenario is the tristate buffer of a bidirectional I/O pin. We use the tri type for this particular case, as discussed in Section 3.1.9.



8.4.4 New data types in SystemVerilog 

Verilog-2001 only has a very limited number of data types. SystemVerilog expands the data types to facilitate testbench development and verification. It introduces a two-state set, which includes only the values of 0 and 1, and defines a new set of data types based on the two-state set. These include bit, byte, shortint, int, and longint, which represent 1-, 8-, 16-, 32-, and 64-bit signed integer. SystemVerilog also adds floating-point data types and enumerate data type and allows the user to create “structure” and “union.” These new data types mirror those in C.

Since the 4-state data types can convey additional information in design and simulation, we do not use these new data types in our book. The only exception is the user-defined enumerate data type for the symbolic states of FSMs, as discussed in Section 5.2. This makes the code more descriptive and provides a clean mechanism to do the state assignment.




8.5 USE OF THE SIGNED DATA TYPE


8.5.1 Overview 

Depending on the nature of an application, we can use an unsigned integer, which consists of zero and the positive numbers, or a signed integer, which consists of zero and both negative and positive numbers, in a digital system. We may even find it necessary to use both types in a complex system.

The signed integer is usually represented in a 2’s-complement format. A 4-bit “binary wheel” is shown in Figure 8.3, which lists the binary representations and the corresponding unsigned and signed numbers. Close observation shows that the addition and subtraction operations are identical for the two types of numbers. The addition and subtraction of a positive amount corresponds to moving clockwise and counterclockwise along the wheel. For example, ”1001”+”0100” means to move four positions clockwise from ”1001” and the result is ”1101”. In the unsigned integer format, it is interpreted as (+9) + (+4) = +13, and in the signed integer format, it is interpreted as (‒7) + (+4) = ‒3. The overflow in addition corresponds to a move over the “threshold” of the binary wheel. Note that the thresholds are different for the unsigned and signed interpretations. The threshold is between ”1111” and ”0000” for the unsigned integer and between ”0111” and ”1000” for the signed integer.


[image: image]

Figure 8.3 Four-bit binary wheel.



The behavior of a physical adder or subtractor is just like the movement in the binary wheel. The same circuit can be applied to both unsigned and signed formats as long as all operands and the result have the same bit length. For example, let a, b, and sum be three 8-bit signals. The statement

sum = a + b; 

infers the same hardware and uses the same binary representations regardless of whether these signals are interpreted as an unsigned or a signed format. This observation is also correct in other arithmetic operations (however, it cannot be applied for nonarithmetic operations, such as relational operations or overflow status generation).

On the other hand, we need to distinguish the format when the operands or the result have different bit lengths. This is attributed to the different requirements in width extension. The 0’s are appended to the front for the unsigned format, which is known as zero extension, but the sign bits are appended to the front for the signed format, which is known as sign extension. For example, the 4-bit representation of ‒5 is ”1011”. It becomes ”1111 1011”, not ”0000 1011” when extended to 8 bits.

For example, let a and sum be two 8-bit signals and b be a 4-bit signal, b3b2b1b0. The statement

sum = a + b; 

requires b to be extended to 8 bits. The extended b becomes 0000b3b2b1b0 if it is in the unsigned format but becomes b3b3b3b3b3b2b1b0 if it is in the signed format. The inferred hardware for this statement consists of the width extension circuit and an adder. Since the extension circuit is different for the unsigned and signed formats, the statement infers different hardware implementations for the unsigned and signed formats.



8.5.2 Signed number conversion 

In Verilog-2001, the signed format is extended to the reg and wire data types. This is done by adding the keyword, signed, in declaration, as in

logic signed [7:0] a, b; 

With the signed data type, the previous code segment can be revised as
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The first statement infers a regular adder since a, b, and sum1 have identical bit lengths. The signed data type just helps us be aware of the interpretation of the binary representation.

In the second statement, all variables in the right-hand-side expression are with the signed data type and c is sign-extended to 8 bits automatically. Thus, we don’t need to pad the variable manually.

In a small digital system, we usually use either an unsigned or a signed format. However, a larger system may contain subsystems of different formats. Because SystemVerilog is a loosely typed language, the unsigned and signed variables can be mixed in the same expression. According to the language standard, the sign extension is performed only if all variables in the right-hand-side expression are with the signed data type. Otherwise, zero extension is performed for all variables. Consider the code segment
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Since c is not with the signed data type, the variables in the right-hand-side expression, b and c, are zero extended.

SystemVerilog consists of two system functions, $signed( ) and $unsigned( ), which convert the enclosed expression to the signed and unsigned data types, respectively. For example, we can convert the data type of c in the preceding statement:


sum = a + b + $ signed (c); 

Now all three variables in the right-hand-side expression are with the signed data type and thus b and c are sign extended.

Mixed signed and unsigned data types in a complex expression can introduce subtle errors and should be avoided. If it is really necessary, the expression should be kept simple and the conversion functions should be used to ensure the consistency of the data type.




8.6 BIBLIOGRAPHIC NOTES

The article “Nonblocking Assignments in Verilog Synthesis, Coding Styles That Kill!” by C. E. Cummings gives guidelines for proper use of blocking and nonblocking assignments.



8.7 SUGGESTED EXPERIMENTS


8.7.1 Shift register with blocking and nonblocking assignments 

The codes shown in Listing 8.12 are three attempts to describe a shift register. Derive the inferred circuits by the three attempts and determine whether they infer a shift register.



Listing 8.12 Code for Experiment 8.7.1
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8.7.2 Alternative coding style for the BCD counter 

Rewrite the BCD counter in Listing 4.20 using the coding style discussed in Section 8.3.3. Resynthesize the circuit and verify its operation.



8.7.3 Alternative coding style for the FIFO buffer 

Rewrite the FIFO buffer in Listing 7.8 using the coding style discussed in Section 8.3.3. Resynthesize the circuit and verify its operation.



8.7.4 Alternative coding style for the Fibonacci circuit 

Repeat the Fibonacci circuit discussed in Section 6.3.1 using the coding style discussed in Section 8.3.3.



8.7.5 Dual-mode comparator 

A dual-mode comparator takes the two 8-bit data inputs, a and b, as unsigned or signed integers. A control signal, mode, indicates the desired mode. The circuit has one output, agtb, which is asserted when the interpreted value of a is greater than the interpreted value of b.


	Assume that the signed data type is allowed. Design the circuit and derive the code. 

	Synthesize the circuit and verify its operation. 

	Assume that the signed data type is not allowed in the code. Repeat steps 1 and 2. 









PART II 
EMBEDDED SOC I: VANILLA FPRO SYSTEM






CHAPTER 9 
OVERVIEW OF EMBEDDED SOC SYSTEMS

In the rest of the book, we apply the basic hardware design techniques learned in Part I to develop a simple and functional embedded SoC (System on a Chip) that contains a video subsystem and a memory-mapped I/O subsystem with general-purpose peripherals, customized hardware accelerators, and a music synthesizer. Our study is still focusing on the hardware design, but within the context of SoC, and it introduces many important design concepts, such as hardware acceleration, bus interface, and software drivers, along the way. In this chapter, we introduce the concept of an embedded SoC, discuss the development flow, explain the simple SoC framework used in this book, and provide an overview of Parts II, III, and IV.


9.1 EMBEDDED SOC


9.1.1 Overview of embedded systems

An embedded system (or embedded computer system) can be loosely defined as a computer system designed to perform one or a few specific tasks. The computer system is not the end product but a dedicated “embedded” part of a larger system that often includes additional electronic and mechanical parts. By contrast, a general-purpose computer system, such as a PC (personal computer), is a general computing platform and itself is the end product. We refer to it as a desktop-like computer system in the book. A desktop-like system is designed to be flexible and to support a variety of end-user needs. Application programs are developed based on the available resources of the general-purpose computer system.

Embedded systems are used in a wide range of applications and each application has its own specific requirements. A “low-end” system, such as a microwave oven, involves only simple control functions and can be implemented by an 8-bit single-chip microcontroller. On the other hand, a “high-end” system, such as a digital camera, is more complex. It performs two major tasks. The first task involves the general “housekeeping” I/O operations, including processing the button and knob activities, generating a menu on an LCD display, and writing image files to the storage device. These operations are more involved than those of a microwave oven and the system requires a more capable processor. The second task is to process the image and perform data compression to reduce the file size. Because of the large number of pixels and the complexity of the compression algorithm, the task requires a significant amount of computation. An embedded processor is usually not powerful enough to handle the computation-intensive operation. A custom digital circuit, sometimes known as a hardware accelerator, can be designed to perform this particular task and take the load off the processor.



9.1.2 FPGA-based SoC

A “high-end” embedded system usually has a processor and simple I/O peripherals to perform general user interface and housekeeping tasks and special hardware accelerators to handle computation-intensive operations. These components can be integrated into a single integrated circuit, commonly referred to as an SoC (system on a chip).

As the capacity of FPGA devices continues to grow, the same design methodology can be realized in an FPGA chip. Instead of just realizing the system functionalities by customized software, we can incorporate customized hardware into the embedded system as well. The FPGA technology allows us to tailor the processor, select only the needed I/O peripherals, create a custom I/O interface, and develop specialized hardware accelerators for computation-intensive tasks. The FPGA embedded system provides a new dimension of flexibility because both the hardware and software can be customized to match specific needs. The methodology of exploiting the trade-offs between hardware and software and developing and integrating them concurrently is referred to as hardware-software co-design.



9.1.3 IP cores

In SoC development, systems frequently have certain common functionalities and the same building blocks can be reused in different designs. These components are known as IP (intellectual property) cores, or simply as IPs. They are somewhat like functions in a software library, which can be used in different application programs. The IP cores can be developed by the device manufacturers, third-party vendors, or the users themselves. Unlike software functions, FPGA vendor’s IP cores are usually tailored for their own proprietary platforms. They are not portable and frequently delivered as “black boxes” (i.e., without HDL source codes). For example, all companies provide FFT (fast Fourier transform) IP cores. While the cores perform similar functions, their interfaces, timing characteristics, and configuration procedure are different. Therefore, a system must be redesigned or modified if it is re-targeted to a device from a different vendor.




9.2 DEVELOPMENT FLOW OF THE EMBEDDED SOC

The embedded SoC design consists of the following tasks:


	Partition the tasks to software routines and hardware accelerators.

	Design user custom IP cores if needed.

	Develop the hardware.

	Develop the software.

	Implement the hardware and software and perform testing.



These tasks are discussed in the following subsections.

Because of the complexity of modern digital systems, pre-designed IP cores are used extensively in SoC development. Each vendor has its own IP framework, which provides a comprehensive collection of IP cores and supporting software device drivers. The development flow is frequently centered on the IP cores and is shown in Figure 9.1.
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Figure 9.1 IP-centered SoC development flow.




9.2.1 Hardware–software partition

Step 1 (labeled 1 in the diagram) is to determine the software–hardware partition. An embedded application usually performs a collection of tasks. In an SoC-based design, a task can be implemented by hardware, software, or both. Based on the performance requirement, complexity, and hardware core availability, we can decide the type of implementation accordingly.

In an ideal scenario, the vendor IP library contains all the needed IP cores for the SoC design. However, in reality, most designs require a certain number of custom IP cores for hardware accelerators and special I/O peripherals. Step 2 is to develop the hardware codes and the corresponding software drivers of these custom IP cores. The details are discussed in Subsection 9.2.5.



9.2.2 Hardware development flow

The left branch represents the hardware design flow. Step 3 is to utilize and integrate the IP cores to construct the system. In Vivado Design Suite, it is done by the IP integrator utility. A user can select IP cores, configure them with the desired characteristics, and connect the cores with a proper interface. IP Integrator will invoke the cores from the library and generate the HDL codes. The top-level HDL file usually resembles the top-level block diagram of an SoC design. During the generation, IP Integrator also produces an auxiliary hardware platform specification file, which contains the “definition” of the SoC design, including the processor configuration, memory size and structure, I/O peripheral cores used, memory address mapping, etc.

The top-level HDL file can be treated as a normal HDL file and processed accordingly. Steps 4 and 5 perform synthesis and placement and routing and eventually generate the FPGA configuration file (i.e., the .bit file).



9.2.3 Software development flow

The right branch represents the software design flow. A top-level software program usually contains two types of codes. One type is the “system codes,” which are pre-designed and provided with the system. They can be functions from libraries, service routines from the operating system, etc. The other type is the “application codes,” which are developed by the user to perform the custom tasks. These system functions and service routines are called by the application codes.

In an embedded system, a BSP (board support package) is a mechanism to encapsulate the system codes. Since an embedded system is designed to perform a specific task, each system has a different memory structure and contains a unique set of I/O peripherals. BSP is a customized collection of device drivers and initialization routines that support a particular system. The term “board” is used since earlier embedded systems were implemented in a printed circuit board rather than a single silicon device.

An important ingredient of a BSP is the device drivers. A device driver is a set of routines that operate or control a particular peripheral device. A driver acts as a “translator” between the hardware peripheral and application programs and enables the application programs to access peripheral functions without needing to know precise details. If an IP core is expected to interface with a processor, a device driver should be developed concurrently.

The embedded SoC flow adopts the BSP mechanism. Step 6 is to build the BSP according to the SoC hardware configuration. Recall that, in Step 3, IP integrator generates a hardware platform specification file. The BSP builder utility examines the IP core information, extracts the pre-built device drivers and initialization routines from the vendor software library, and creates the BSP for the specific SoC design.

The application program can invoke the driver routines in the BSP to access the peripheral I/O cores. Step 7 compiles and links the software routines and BSP library and builds the final software image file (i.e., the .elf file).



9.2.4 Physical implementation and test

Physically implementing the system involves two steps. We first download the FPGA configuration file to the FPGA device (i.e., “program” the device), as in Step 5, and then load the software image into processor’s main memory, as in Step 8. The physical system can be tested afterward, as in Step 9.



9.2.5 Custom IP core development

Although FPGA vendors provide a comprehensive collection of pre-designed IP cores, they seldom can cover all the project needs. We usually have to design custom IP cores for special I/O peripherals or less common computation algorithms. The development consists of three tasks:


	Design a custom digital circuit to implement the computation algorithm or special functionality.

	Derive an interface to connect the circuit to the bus or interconnect structure of the vendor’s IP framework.

	Develop a device driver to control the new hardware core and integrate it into vendor’s software library.



Note that the latter two activities depend on the FPGA vendor’s IP platform. We need to carefully study the platform’s interface protocols and driver structure so that the IP core can be integrated into vendor’s framework and used in the IP integration utility. Since each vendor has its own proprietary IP platform, the interface and driver are not portable and must be re-designed for each vendor.




9.3 FPRO SOC PLATFORM


9.3.1 Motivations

While the embedded SoC is powerful methodology, it is not the emphasis of this book. First and foremost, this book focuses on register-transfer level hardware design rather than system-level analysis and integration. In addition, a commercial IP platform is not ideal for learning introductory hardware design for several reasons:


	A commercial IP platform is quite complex and thus a significant amount of time will be spent on learning to use the tool rather than doing design.

	Most commercial IP cores are provided as black boxes.

	The interface protocol and driver structure are quite complex.

	The IP framework is proprietary. Thus, learning is tied to a particular platform and the developed IP cores are not portable.



In this book, we define a simple SoC platform and call it FPro SoC, (which is abbreviated from the book title “FPGA Prototyping” or can be interpreted as “Fun and Professional”). It contains a video subsystem and a memory-mapped I/O subsystem with general-purpose peripherals, customized hardware accelerators, and a music synthesizer. Our study is still focusing on the hardware design but within the SoC context. The main characteristics of the FPro SoC platform are as follows:


	Simple. The FPro SoC platform defines a simple synchronous bus protocol and a straightforward device driver structure. Once a hardware circuit is developed, it can be converted to an IP core by adding a simple interface circuit and a device driver. The core then can be incorporated into the existing embedded system.

	Functional. FPro SoC platform provides a variety of I/O peripherals and commonly used serial interfaces (UART, SPI, and I2C) and includes working device drivers. It resembles a bare-metal 32-bit microprocessor board and can implement real-world projects targeted for this type of boards.

	Portable. Except for the processor, FPro SoC’s IP cores are developed from scratch in HDL and do not use any vendor’s proprietary components. The bus protocol and device drivers are not tied to any specific commercial platform, either. Thus, the IP cores and software codes are portable and can be reused for different FPGA devices and prototyping boards.

	“Upward compatible.” While the FPro SoC platform is simple, the development follows rigorous and proven design principles and practices. These knowledge and skills can be applied in the future for more complicated commercial platforms and larger projects. In fact, the IP cores and drivers developed can be easily modified to be incorporated into existing commercial IP frameworks.

	Fun. Because the developed system is like a real microprocessor board, it can incorporate existing I/O modules and quickly develop a functional prototyping project. In addition, this platform can provide hardware acceleration capability and thus is more capable and more flexible than any microprocessor board. As a result, we have an opportunity to develop interesting and challenging projects and make studying hardware more “fun” rather than “learning hardware for the sake of hardware.”





9.3.2 Platform hardware organization

The top-level diagram of an FPro system is shown in Figure 9.2. It is composed of four major parts:


	Processor module

	FPro bridge and FPro bus

	MMIO (memory mapped I/O) subsystem

	Video subsystem
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Figure 9.2 Top-level diagram of an FPro system.



We only use vendors’ IP cores for the processor, memory controller, line buffer, and clock management circuit, which are shown as dotted gray boxes in the figure, and construct all other cores from scratch.

Processor module

The processor module consists of a processor, a memory controller core, and RAM. It is the part that is constructed from the vendors’ IP cores. To be used in the FPro SoC platform, the processor core must exhibit the following characteristics:


	32-bit wide data path

	32-bit memory address space

	Memory-mapped-I/O scheme for I/O access



Almost all FPGA-based processors support these features. There is no restriction on types of RAM. It can be FPGA’s internal memory modules or external memory devices. However, since an FPro system resembles an entry-level 32-bit embedded system, we assume that the size of RAM is limited and software is developed in this context.

FPro bridge and FPro bus

The processor needs to communicate with other cores. This is done by a bus or interconnect structure specified in the vendor’s IP platform. The modern interconnect is designed to accommodate a wide variety of communication and data transfer needs and involves complex protocols. For our learning purposes, we define a simple synchronous bus protocol for the two subsystems and call it FPro bus. The FPro bridge converts vendor’s native bus signals into FPro bus signals. The FPro bus protocol and bridge are discussed in Chapter 11.

MMIO subsystem

In the memory-mapped-I/O scheme, the memory and registers of the I/O peripherals are mapped to the same address space. This means that the processor makes no distinction between the memory and I/O peripherals and uses the same read and write instructions to access the I/O peripherals.

The MMIO subsystem provides a framework to accommodate memory-mapped general-purpose and special I/O peripherals as well as hardware accelerators. For simplicity, we define a standard slot interface that conforms to the FPro bus protocol. The MMIO subsystem consists of a controller to select a specific slot and can accommodate up to 64 instantiated cores. After being “wrapped” with an interface circuit, custom digital logic can be plugged into the FPro platform. About a dozen IP cores are developed and integrated into the MMIO subsystem in the subsequent chapters.

Video subsystem

The video subsystem establishes a framework to coordinate the operation of video cores. A video core generates or processes the video data stream. The cores are arranged as a cascading chain. The data stream is pipelined and “blended” through each stage and eventually displayed on a VGA monitor. The video subsystem demonstrates the principles of handling stream data, in which data are generated continuously and passed through a chain of components for processing.



9.3.3 Platform software organization

Since the book focuses on hardware design, we use a simple bare metal software scheme for the system. A bare metal system contains no operating system. In its simplest form, the processor boots directly into an infinite main loop, which contains functions to check input, perform computation, and write outputs.

The software hierarchy of an FPro system is shown in Figure 9.3. It contains a hardware layer,a driver layer, and an application layer. A boot routine is associated with the processor. It first performs the basic initialization process, such as clearing the caches, configuring the stack and heap segments, and initializing the interrupt, and then transfers control to the main program. The codes are obtained from the vendor, as shown in a dotted gray box in the figure. All other device drivers are constructed from scratch.
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Figure 9.3 Software hierarchy of an FPro SoC system.



To facilitate the software development, we develop several simple utility routines to maintain a system time and to assist in displaying a debug message on the console. The timer core and UART (universal asynchronous receiver and transmitter) core in slots 0 and 1 are used for this purpose, as shown in Figure 9.2. Thus, the two cores should always be instantiated in the first two slots and not be replaced.

Every I/O core in the FPro system is accompanied by a driver. We select C++ for driver development because of its support of data encapsulation. A C++ class will be created for each core.

Except for accessing system time (via a timer core) and sending debugging messages (via a UART core), a class is largely “self-contained” and does not interact with other classes. When a core is attached or removed from an FPro system, the corresponding driver files should be included or deleted from the software projects. In the main application program, an instance will be created for each instantiated IP core and the methods in the class will be used to access and control the core. The “state” of the core, if existing, is kept within the private section of the instantiated object and involves no external variables.



9.3.4 Modified development flow

The original development flow shown in Figure 9.1 needs to be revised to accommodate the FPro SoC platform. While the basic procedure remains unchanged, we need to manually construct the top-level HDL code and manually include the device driver files in our software application. The modified flow is shown in Figure 9.4 and the new paths are highlighted as thick gray dotted lines in the top half. The main changes are as follows:


	In Step 3, only the processor module, which contains a processor core and RAM, is generated via the IP integration utility. We must manually construct the HDL code for the top-level system, which is composed of the instantiation of the previously generated processor module and the MMIO and video subsystems from Step 2.

	In Step 6, since only the processor module configuration is listed in the hardware specification file, only processor-related codes, such as the boot routine, will be included in the BSP library. We must manually examine the IP cores in the top-level HDL file and include the corresponding driver files in the application software project.

	Since the processor module is the same most of the time, Steps 1 and 6 only need to be executed once. The generated HDL files and BSP library can be used in subsequent designs.
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Figure 9.4 FPro SoC development flow.






9.4 ADAPTATION ON THE DIGILENT NEXYS 4 DDR BOARD

The book uses the Digilent Nexys 4 DDR prototyping board, which is designed around the Xilinx Artix 7 XC7A100T device, for the experiments and projects. Xilinx provides a soft-core processor, known as MicroBlaze, as well as a completely “pre-configured” system, known as MicroBlaze MCS (for MicroBlaze Micro Controller System). We select MCS as the processor module in Figure 9.2.

MicroBlaze is a 32-bit FPGA-based processor with RISC (reduced instruction set computer) architecture. It is highly configurable and can incorporate addition components, including a floating-point unit, optional instruction and data caches, and a memory management unit. MicroBlaze mainly uses the AXI (Advanced eXtensible Interface) protocols from ARM to interface with other IP cores. Hundreds of IPs from Xilinx and third-party vendors, including memory controllers, I/O peripherals, and various types of hardware accelerators, can be integrated with a MicroBlaze to form an SoC design. The flow in Figure 9.1 is targeted for this type of setting.

MicroBlaze MCS is a complete computer system that is composed of a pre-configured MicroBlaze processor, a RAM constructed with FPGA’s internal memory, and an I/O module with a standard set of microcontroller peripherals. MicroBlaze MCS provides only a limited degree of configurability. A user can set the size of RAM (between 8 KB and 128 KB) and select a small set of simple I/O peripherals.

Since the focus of the book is hardware design rather than system-level integration, MicroBlaze MCS serves the purpose very well. In addition, many simpler prototyping boards use Xilinx’s earlier Spartan devices and must use ISE WebPack for development. At the time of writing, MicroBlaze MCS is free across all Xilinx platforms, including both the ISE WebPack edition and Vivado WebPack edition, but the full-featured MicroBlaze processor is only free for the Vivado WebPack edition. Thus, MicroBlaze MCS can be adopted by more entry-level prototyping boards.

On the down side, supporting for MicroBlaze MCS is not as comprehensive. The Vivado 2017 edition is used at the time of writing. Step 8 in Figure 9.4 does not function properly. The workaround is to associate the .elf file as the “initial values” of FPGA’s internal memory and regenerate the configuration file (i.e., .bit file). The approach is shown as a thick dashed line in the bottom of Figure 9.4. The flow is revised to


	Develop and implement hardware (Steps 1 to 4).

	Develop and implement software (Steps 2 to 7).

	Associate the .elf file in the hardware project (Step 8a).

	Regenerate the configuration .bit file with the embedded .elf file (i.e., repeating Step 4).

	Program the FPGA device and perform testing (Steps 5 and 9).



This flow is less ideal since regenerating the .bit file for each software revision is time-consuming and Vivado software must be invoked during software development.

XC7A100T is a fairly large device and its internal memory modules can accom modate 128 KB RAM for MicroBlaze MCS and 350 KB video RAM for a 9-bit VGA frame buffer. Thus, no external memory device is involved.




9.5 PORTABILITY

A main goal of this book is to develop a portable system to learn hardware design and to introduce SoC practice. Because of the proprietary development software, IP platform, and IP cores, it is difficult to construct a complete device- and board-independent FPGA-based SoC system. The experiments and projects in this book are constructed and tested on a specific board (Digilent Nexys 4 DDR) that contains a specific FPGA device (Xilinx Artix 7 XC7A100T). The following subsections discuss portability issues.


9.5.1 Processor Module and Bridge

Since the processor module is constructed from the vendor’s proprietary IP cores, it potentially introduces several portability issues:


	Processor

	Memory controller and RAM

	Interface and bridge

	Loading and booting of software



The FPro platform basically requires a 32-bit processor core that supports memory-mapped I/O scheme. Almost all FPGA-based processors satisfy this requirement. The internal and external memory sizes and configurations can vary significantly among different FPGA devices and prototyping boards. However, since the RAM inside the processor module only interacts with the processor core, it does not affect the subsystems directly. In summary, although the proprietary and different memory configurations are used in the processor module, they will not cause serious compatibility issues. The simplest way to create the processor modules is to utilize FPGA’s internal memory, as in MicroBlaze MCS. However, older and simpler FPGA devices provide less internal memory. MicroBlaze MCS can be configured with smaller RAM. The size of the RAM, of course, sets the limit on the size of application program.

The FPro bus protocol is designed for simple non-burst synchronous read and write transactions. It can be considered as a very small subset of existing full-featured bus interfaces. Designing a bridge is not very difficult.

While compiling and linking the software code follows a similar tool chain, there is no standard procedure to load an .elf file (Step 8 in the development flow). The process depends on device, memory configuration, prototyping board, and software development platform. We need to consult the specific manual or user guide to complete this task.



9.5.2 MMIO subsystem

Since the MMIO subsystem’s controller and the attached IP cores are constructed from scratch and use no vendor’s proprietary IPs or components, the HDL codes are completely portable. They can be implemented as long as a prototyping board has adequate external peripherals. The only exception is the Artix’s built-in ADC (analog to digital converter), known as XADC, which is only available for newer Xilinx devices.

Since the Nexys 4 DDR board contains all the needed peripherals, all MMIO IP cores can be implemented and tested without any external components. Some peripherals may not be available on other prototyping boards. However, the external circuitries are quite simple and can be easily implemented on a breadboard. The schematics for these peripherals can be found in the Nexys 4 DDR on-line manual and reconstructed accordingly.



9.5.3 Video subsystem

While the majority of the video subsystem is designed from scratch, three components – clock management circuit, line buffer, and frame buffer – utilize vendor’s proprietary IP cores. The clock management circuit and line buffer accommodate the VGA synchronization, whose clock rate is different from system clock rate. The former requires a PLL (phase-locked loop) like macro cell and the latter is based on a dual-clock FIFO buffer macro cell. Although these macro cells are proprietary, they are common and can be found in all FPGA devices. The proper macro cells can be instantiated in HDL code directly. Thus, the clock management circuit and line buffer do not lead to serious portability issues.

The frame buffer tends to be the most troublesome and least portable IP core in the FPro framework. The key part of the frame buffer is a dual-port memory that is accessed by the processor and frame control. The latter retrieves data from memory and converts the data into a video stream. The buffer requires a substantial amount of RAM and thus should be implemented by external memory devices. This raises several issues:


	FPGA prototyping boards have different types of memory devices and configurations and some simpler boards may have none.

	Except for simple SRAM devices, a sophisticated proprietary memory controller IP core is needed.

	The frame buffer control must interface with the proprietary memory controller and implement the dual-port access control circuit.

	The same external memory device may be used as processor’s RAM and frame buffer at the same time. The partition further complicates the interface and configuration.



Thus, it is difficult to construct a portable frame buffer.

To demonstrate the design principle, the book uses FPGA’s internal memory for the video memory. Thus, 350 KB of internal RAM is allocated for a frame buffer with a 9-bit VGA resolution. This is doable because the Nexys 4 DDR board contains a large XC7A100T device. It cannot be duplicated in boards with smaller devices. One possible alternative is to reduce the color depth from 9 bits to 1 bit.

Some advanced prototyping boards use HDMI port for the video output. Instead of using a DAC to generate the analog signal, the HDMI interface encodes the output from the line buffer, “serializes” the data, and transmits the video signal digitally through three serial lines. Thus, additional circuits must be added to accommodate the new interface.




9.6 ORGANIZATION

The book consists of three parts. The rest of Part II provides an overview of the hardware architecture and the bare metal embedded software development via the construction of the vanilla FPro system, which contains a timer core, a UART core, a GPI (general-purpose input) core, and a GPO (general-purpose output) core. The conceptual diagram is shown in Figure 9.5.
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Figure 9.5 Vanilla FPro system.



In Part III, we design an array of MMIO cores for the peripherals on the Nexys 4 DDR prototyping board, including a PWM (pulse width modulation) core, a debouncing core, a seven-segment LED core, a Xilinx XADC controller core, an SPI core, an I2C core, a PS2 core, and a music synthesis module with a DDFS (direct digital frequency synthesis) core and an ADSR (attack-decay-sustain-release) envelope core. Part IV discusses the video subsystem framework and covers the construction of relevant IP cores.



9.7 BIBLIOGRAPHIC NOTES

Embedded systems entail a spectrum of design issues. The two books, Embedded System Design: A Unified Hardware/Software Introduction by F. Vahid and T. D. Givargis and Computers as Components: Principles of Embedded Computing System Design, 2nd edition, by W. Wolf, provide a comprehensive discussion. Software-hardware co-design is an emerging research area. A Practical Introduction to Hardware/Software Codesign by P. R. Schaumont addresses the basic concepts and issues of combining hardware and software into a single system.





CHAPTER 10 
BARE METAL SYSTEM SOFTWARE DEVELOPMENT

This book uses C/C++ for the software development. We assume that readers have the working knowledge of writing C/C++ code in a desktop-like system. Although the same language is used in both desktop-like and embedded systems, the coding practices are somewhat different. In this chapter, we provide an overview of software development for a bare metal embedded system and demonstrate how to write robust and disciplined code to control and access low-level I/O peripherals.


10.1 BARE METAL SYSTEM DEVELOPMENT OVERVIEW


10.1.1 Desktop-like system versus bare metal system

The software development for a desktop-like system and a bare metal system are very different. A desktop-like system, such as a PC, can be loosely defined as a “fully-equipped” computer system. A full-fledged OS (operating system), such as Linux or Windows, runs continuously. The OS serves as a middle layer and shields the hardware details from the application program. The simplified hierarchy is shown in Figure 10.1(a). A bare metal system provides limited resources and requires the application program to interact with hardware (i.e., the “metal”) directly. The simplified hierarchy is shown in Figure 10.1(b) and (c).
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Figure 10.1 Software hierarchy.



In C programming context, a desktop-like system constitutes a hosted environment. Before starting the main() function of a program, the OS (i.e., host) prepares the run-time environment by allocating necessary resources and initializing system services. This means that the application program can assume that all libraries and I/O services are ready to use and no additional work is needed. For example, consider executing a statement like printf(“Hello World!”). The OS creates a stream channel in advance so that the character stream can be transmitted and displayed on a console. When the execution is completed, the main() function “exits” and returns the control to the OS.

In contrast, a bare metal system constitutes a freestanding environment. Only a minimal set of predefined C libraries, mainly involving data type and constant definitions, is supported. If a service is required, the application program itself needs to set up and manipulate the device. For example, to display the “Hello World!” message on a console via a UART port, the application program should include codes to initialize the device, check the status of the UART data buffer, and write the characters to the buffer sequentially.

In the “barest scenario,” as shown in Figure 10.1(c), the application program must create needed I/O services from scratch by directly manipulating the I/O device’s registers. A more robust and disciplined approach is to develop a simple driver for each I/O device and access a device via its driver, as shown in Figure 10.1(b). The details of device driver are discussed in Section 10.6.



10.1.2 Basic embedded program architecture

An embedded application consists of a collection of tasks, implemented by hardware accelerators, software routines, or both. Unlike a desktop application, an embedded program may run continuously and not terminate. The top-level program (i.e., the main() function) schedules, coordinates, and manages these tasks. The simplest control architecture is a super loop, in which the tasks are executed sequentially in an infinite loop. The pseudo code for a super-loop architecture is
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The system runs the sys init() function once to perform initialization and then enters the super loop and invokes the task functions in turn. This scheme works properly if the overall loop execution time is small and each task can be invoked in a timely manner.




10.2 MEMORY-MAPPED I/O


10.2.1 Overview

An I/O peripheral usually contains a collection of registers for command, status, and data. In the memory-mapped I/O scheme, a processor uses the same address space to access memory and the registers of I/O devices. Thus, the load and store instructions used to access memory can also be used to access I/O devices. When an SoC is constructed, chunks of memory space are allocated to the RAM module and I/O cores. The memory address space of a simple computer system containing a timer core and a UART core is shown in Figure 10.2.
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Figure 10.2 Address map of a simple system.



The starting address of an assigned chunk is known as the base address. The address of a specific memory word or an I/O register can be obtained by adding an offset to the base address.



10.2.2 Memory alignment

A “32-bit processor” means that the data is transferred and processed in a 32-bit unit. In this book, we define a word as a unit of 32 bits (i.e., four bytes). A 32-bit processor normally has a 32-bit address bus and thus can access 232 memory locations.

Despite that words are used for processing, the address space is usually represented in terms of bytes (i.e., “byte addressable”) and the 32-bit address bus implies an addressable space of 232 bytes. To accommodate 32-bit data, four bytes of memory are grouped together to form a word. For easy access, the four bytes are aligned at a memory address that is a multiple of four. This implies that the address’s two LSBs of the starting byte in a word is always 00 and a word can be accessed by using the 30 MSBs of the address. Thus, memory can be treated as a 32-bit byte addressable space or a 30-bit word addressable space.



10.2.3 I/O register map

An I/O core presents itself to the system as a collection of registers. These registers constitute core’s own “addressable memory space.” The address value is referred to as a register offset or just an offset. Unlike homogeneous words in a RAM, the data format and functionality of each register are different. An I/O register map depicts properties and fields of these registers.

An example of the I/O register map of the timer core is shown in Figure 10.3. There are three registers. The left number shows the value of the offset (which is 0, 1, and 2) and the right characters indicate the type of access, which can be r, w, or r/w (for read, write, or both read and write). The mnemonics describe the functionality of a register or a field.
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Figure 10.3 I/O register map of a timer core.



After an I/O core is assigned a base address, its registers become part of the memory space. The processor can access a specific register by adding the offset to the base address.



10.2.4 I/O address space of the FPro system

The FPro system consists of two subsystems and many IP cores. To achieve portability, we merge them into a single address space and connect them to the processor’s interconnect via a bridge. In other words, from the processor’s perspective, the two subsystems, along with all its cores, are treated as a single I/O module. The FPro system’s bridge and internal controller do the decoding and multiplexing to access an individual core and its I/O registers.

The combined subsystems require a 24-bit byte address space and appear as an I/O module with 222 32-bit registers. The large size is mainly due to the frame buffer of the video subsystem. Despite its size, the space only counts for [image: ] (i.e., [image: ]) of the processor’s total address space, which should not impose a problem. We use the MSB (i.e., bit 23 of the byte address) to distinguish the two subsystems, with 0 for the MMIO subsystem and with 1 for the video subsystem.

The address assignment for the MMIO subsystem is defined as follows:


	The subsystem provides 64 slots to connect up to 64 (i.e., 26) I/O cores.

	Each I/O core is allocated with 32 (i.e., 25) registers.

	Each register is 32 bits wide (i.e., a word).



Thus, the subsystem requires a memory space of 211 (i.e., 26 * 25) words or 213 bytes. The 11-bit word address for the MMIO subsystem appears as

sss_sssr_rrrr

in which ssssss is the slot number and rrrrr is the register offset. When combined with the video subsystem, its 22-bit word address becomes

00_0000_0000_0sss_sssr_rrrr

Note that most I/O cores will not use all 32 registers and will not always need 32 data bits. We define it this way to simplify the control circuit and facilitate future expendability. The details are discussed in Section 11.5.

The address assignment for the video subsystems is more involved and its details are discussed in Chapter 22.




10.3 DIRECT I/O REGISTER ACCESS

Accessing an I/O register corresponds to directly read or write a word in a specific memory address. This can be done via C’s pointer data type.


10.3.1 Review of C pointer

A C pointer stores a reference to an object. The concept of a pointer can be explained by a simple code segment:
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In C, a non-pointer variable can be thought as an abstract memory location identified by the name of the variable and a value is stored to the location in an assignment. A pointer variable is designated with *, as in int *ptr, which indicates that ptr is a pointer, and it points to a location with the int data type. Thus, a reference and a pointer are just an implicit and abstract way to represent a memory address.

The operation of the code segment is illustrated in Figure 10.4. A snapshot after the initial declaration and assignment is shown in Figure 10.4(a). We use an arrow to indicate that ptr is a pointer variable. It is pointed to nowhere (i.e., null) since it is unassigned initially. Two unary operators, & and *, are associated with pointer operations. The & operator returns the address of a variable and is known as the address-of operator. For example, in statement ptr = &x, &x returns the address of x, which is then assigned to ptr. The result is shown in Figure 10.4(b). The * operator returns the content pointed by the pointer and is known as the dereference operator. For example, in statement y = *ptr, the content pointed by ptr is assigned to y and in statement *ptr = z, the value of z is stored to the location pointed by ptr. The graphical representations are shown in Figure 10.4(c) and (d).
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Figure 10.4 Snapshots of pointer operation.



The value of a pointer variable is usually manipulated implicitly, as illustrated by the previous segment. The actual value of ptr is system dependent. In a desktop-like programming environment, we usually do not and need not know the explicit value.



10.3.2 C pointer for I/O register

In a bare metal system, an I/O register is assigned with a memory address, which can be thought as a value of a pointer. Unlike the pointer discussed in Section 10.3.1, we know the explicit value of the address and must use this value to access the register.

For example, in the vanilla FPro system, a GPO core is instantiated for discrete LEDs of the Nexys 4 DDR board and connected to slot 2 of the MMIO subsystem. A GPI core is instantiated for the slide switches and connected to slot 3. Their base addresses are 0xc0000100 and 0xc0000180, respectively, and the offset of the data registers is 0. We can read the value from the switches and write a pattern to LEDs as follows:
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However, as such, the statements are primitive and difficult to comprehend. A more robust method is discussed in the next section.




10.4 ROBUST I/O REGISTER ACCESS

Directly accessing I/O registers is an extremely tedious process and prone to error. It is particularly troublesome for the FPGA-based SoC since each system has its own I/O configuration.

We introduce a robust and disciplined method to pass address assignment information between the hardware and software drivers and to access the I/O registers. It involves three C header files and a SystemVerilog header file:


	chu_io_map.h: maintains address mapping information for C/C++ code.

	chu_io_map.svh: maintains address mapping information for SystemVerilog code.

	inttypes.h: provides explicitly defined low-level data types.

	chu_io_rw.h: provides I/O register read and write macros.





10.4.1 chu_io_map.h and chu_io_map.svh

The address assignment of the FPro system is discussed in Section 10.2.4. The assignment is fixed for the slots in the MMIO subsystem and various modules in the video subsystem. Only two parts may change:


	Bridge base address

	Slot assignment in the MMIO subsystem



Instead of using hard literals, we express the information using symbolic constants and record them in chu_io_map.h and chu_io_map.svh. The former is a C/C++ header file for software development and the latter contains is a SystemVerilog header file for hardware development.

Recall that the processor treats the MMIO and video subsystems as a single I/O module and communicates with the module via the bridge. The bridge base address is the starting address of the module and is assigned when a system is created. For the MicroBlaze MCS configuration, it is a fixed value of 0xc0000000.

For an IP core attached to the MMIO subsystem, its base address can be calculated using the assigned slot number. Recall that each slot contains 32 words (128 bytes). The base address of slot n is

bridge_base_address + n * 32 * 4

Slot assignment indicates what type of IP core is attached to a particular slot. We use a set of symbolic constants that convey the MMIO configuration. For example, the slot assignment of the vanilla FPro system is
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Instead of using a “hard literal,” such as 2, the symbolic constant S2_LED is more meaningful.

In addition to the address mapping information, chu_io_map.h also includes a symbolic constant for the system clock frequency, which is needed in certain timing calculations in a driver. The code segment for the vanilla FPro system is shown in Listing 10.1. The actual file contains additional slot definitions for the cores in Parts III and IV of the book.



Listing 10.1 Slot and constant definitions (in chu_io_map.h)
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A SystemVerilog header file contains constant definitions, data type definitions, and subprograms to be shared in multiple designs. A similar SystemVerilog header file chu_io_map.svh is created as well. It contains almost identical information and its details are discussed in Section 11.5.1. One portion of the header file contains the similar slot definition information and the corresponding code segment is:
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Note that the SystemVerilog definition is started with a prefix of ‘ before the define keyword.

Mismatching slot number between hardware and software can lead to thorny errors. Using the same symbolic names and highlighting them in C/C++ and SystemVerilog header files can help us maintain consistency and reduce error.



10.4.2 inttypes.h

C has many predefined data types, such as short, int, and long. The width (i.e., number of bits) of each data type is left to the compiler and implementation. While interacting with low-level device activities, it is often important to know the exact width and format of registers and data. To facilitate this, C provides a header file, inttypes.h, which explicitly specifies the width and format of each data type. These data types are as follows:


	int8_t: signed 8-bit integer

	uint8_t: unsigned 8-bit integer

	int16_t: signed 16-bit integer

	uint16_t: unsigned 16-bit integer

	int32_t: signed 32-bit integer

	uint32_t: unsigned 32-bit integer

	int64_t: signed 64-bit integer

	uint64_t: unsigned 64-bit integer



It is good practice to use these data types for low-level coding.



10.4.3 chu_io_rw.h

The I/O access code segment in Section 10.3.2 is tedious and difficult to comprehend. Several modifications can make the operation more robust and less error prone. Let us start with the read statement. First, we can add a type cast, (volatile uint32_t *), to describe the nature of this value:

sw = * ( volatile uint32_t *) (0xc0000180 );

The uint32_t * portion indicates that the constant value is a pointer that points to an object with the uint32_t data type. The keyword volatile informs the compiler that the value of the object may be modified without processor interaction and thus certain optimizations should not be performed. Second, we can use symbolic constants for the base address of the GPI core and the offset of the data register:


# define sw_base      0xc0000180
# define data_reg   0 
. . . 
sw = * (volatile uint32_t *) (sw_base + 4*data_reg ); 


Third, to maintain modularity and enhance readability, we can define a macro, io_read(), to encapsulate the type casting and dereference operations:


# define io_read (base_addr , offset) \
  (*(volatile uint32_t *)((base_addr) + 4*(offset)))


The previous statement becomes


# define sw_base 0 xc0000180 
# define data_reg 0 
. . . 
sw = io_read (sw_base, data_reg);


We also define an auxiliary macro, get_slot_addr(), to calculate the base address of a given slot


#define get_slot_addr (mmio_base, slot) \
 ((uint32_t)((mmio_base) + (slot)*32*4)) 


This allows us to reference an I/O core with the symbolic slot constant defined in chu_io_map.h:


#include “chu_io_map.h”
. . .
#define sw_base get_slot_addr(BRIDGE_BASE, S3_SW) 
# define data_reg 0 
. . . 
sw = io_read (sw_base, data_reg); 


A similar macro, io_write(), is created in a similar fashion:


# define io_write (base_addr, offset, data) \
 (*(volatile uint32_t *)((base_addr) + 4*(offset)) = (data))


The original statement

*(0xc0000100) = pattern;

can be updated as


#include “chu_io_map.h”
. . .
#define led_base get_slot_addr(BRIDGE_BASE, S2_LED)
# define data_reg 0
. . .
io_write (led_base, data_reg, pattern)


These macros are defined in chu_io_rw.h and the code segment is shown in Listing 10.2. The actual file includes an additional address calculation macro for the video cores in Part IV.



Listing 10.2 I/O macros (in chu_io_rw.h)
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The macros do not use any system-dependent function and thus are generic. However, they may suffer a subtle problem when a processor contains a data cache. A data cache is a fast buffer between the processor and slow main memory. It stores the recently used data to reduce the need for the processor to access the slow external memory. Since a processor treats an I/O register as regular memory, the relevant data may be temporarily stored in the data cache and can only be read from or written to the I/O register when the corresponding block is deallocated from the cache. To prevent this from occurring, the boot routine usually includes a code segment to identify the memory regions that are not “cacheable.”

This is not a issue for MicroBlaze MCS since it has no data cache.




10.5 TECHNIQUES FOR LOW-LEVEL I/O OPERATIONS

Because an embedded program interacts with low-level I/O devices, it frequently needs to manipulate a bit or a field of a data object. We briefly examine some relevant techniques in the following subsections.


10.5.1 Bit manipulation

C has several bitwise operators, including ~ (not), & (and), | (or), and ^ (xor), which operate on one or two operands at bit levels.

The ~ operator inverts all individual bits. For example, if d is 0xb3 (i.e., 1011_0011), ~d becomes 0x8c (i.e., 0100_1100). The statement max = ~0 inverts all bits from 0’s to 1’s and max becomes the all-one pattern, which corresponds to the largest number in any unsigned data type.

The &, |, and ^ operators can be used to manipulate a bit or a group of bits in a data object. The operation involves a data operand and a mask operand, which specifies the bits to be modified. The operations are shown in the following C segment:
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In this example, we assume that d is an 8-bit data and bits 6 and 5 represent a special 2-bit field. The mask variable identifies this field by asserting bits 6 and 5. We can isolate this field from d (i.e., clear all other bits to 0) by applying the and operation with the mask, as in d & ~mask. Conversely, we can clear this field and keep the remaining bits intact by using the inverted mask, as in d &~mask. Similarly, we can set this field to 11 and keep the remaining bits intact by applying the or operation with the mask, as in d | mask.

The toggle operation is based on the observation that for any 1-bit Boolean variable x, x ⊕ 0 = x and x ⊕ 1= x' . We can toggle the desired field by applying the xor operation with the mask, as in d ^ mask.

Many manipulations are operated on a single bit of data. An easy way to create a mask for bit n is by shifting 1 to left for n positions, as in

1UL « (n)

The UL means that 1 is in unsigned long format and is included to prevent overflow. A set of macros to perform the single-bit operation can be defined accordingly:
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These macros are included in chu_init.h of Section 10.7.2.



10.5.2 Packing and unpacking

To save address space, an I/O register frequently contains multiple fields. These fields are extracted and separated (i.e., unpacked) after an application program reads the I/O register. Conversely, these fields need to be packed into one object when they are written to the I/O register. The unpacking and packing processes can be done by using the bitwise manipulation and shift operation.

For example, suppose that a 32-bit I/O register contains a 16-bit field (for an integer) and two 8-bit fields (for two characters), as shown in Figure 10.5. The code segment to unpack a retrieved I/O word is
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Figure 10.5 An I/O register with three fields.


We first apply an and mask, such as 0xffff0000, to clear the irrelevant bits, and then shift a proper amount to remove the trailing 0’s. In this process, the interpretation of a field changes from “a collection of bits” to a specific data type, such as int or char. It is good practice to use type casting to indicate the change of interpretation and data type of the extracted field.

The code segment to pack three fields to an I/O word reverses the previous operation:
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The first statement puts num between bit 15 and bit 0. The second statement first shifts num to the left by 8 bits, which makes the 8 LSBs all 0’s, and then uses the bitwise or operation to fill the 8 LSBs with the value of ch1. The same process is repeated to append the ch0 field. Again, proper type casting should be used in the process.




10.6 DEVICE DRIVERS


10.6.1 Overview

A device driver is a layer of routines that operate and control a particular peripheral device. In a bare metal system, a driver acts as an interface between the hardware and an application program and enables the application program to access hardware functions without needing to know precise details. A properly designed driver should be “easy to use correctly and hard to use incorrectly.”

We use the C++ class for the driver development because of its support for data encapsulation. A class is defined for each IP core and contains the following components:


	Initialization routine. This code is associated with the constructor of the class and will be executed when an instance is created.

	Operations. The core operations are defined and invoked by the member functions (methods) of the class.

	Device state. The information is maintained in the private section of the class and can only be accessed by the methods defined in the class.



A class can be considered as a “self-contained” stand-alone software unit associated with a specific I/O core.

The application program creates a class instance for each instantiated IP core at the beginning of the code. The process performs initialization on the core and reserves space for its internal state. The subsequent code can just use methods to perform the desired functions. The following subsections demonstrate the construction of drivers for the GPI, GPO, and timer cores and describe the functions of the UART core.



10.6.2 GPO and GPI drivers

It is a good practice to split a C++ class into two files. The class definition goes into the header file (with an extension of .h) and the class implementation goes to the C++ code file (with an extension of .cpp).

We use a class for each core. The class definition of the GPO core is shown in Listing 10.3. We use the naming convention in which the class name starts with a capital letter and has a capital letter for each new word.



Listing 10.3 GpoCore class definition (in gpio_core.h)
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Despite its simplicity, the definition shows the basic sketch of a device driver used in this book. The I/O register map of the core is listed first with an enum declaration. The GPO core only has a data output register, DATA REG, whose offset is 0.

The next part is the public section, which contain the constructor, destructor, and public methods. There are two overloaded write functions. The first method writes a complete data word to the data register and the second method writes a single bit at a specific position to the data register. The destructor is usually not needed for our purposes but is included for completion.

The last part is the private section, which contains two variables. The base_addr variable stores the base address of the instantiated core. The wr_data variable maintains a copy of the data written to the GPO core and can be considered to be the state of the core. It becomes useful when only part of the data register is updated.

The class implementation of the GPO core is shown in Listing 10.4.



Listing 10.4 GpoCore class implementation (in gpio_core.cpp)
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The constructor stores the base address to the private section and clears the write data. The first write() method updates the wr_data and then writes the word to GPO core’s data register. The second write() method updates just one bit in the core’s data register. Note that the GPO core is designed to accept the entire word. Modifying a single bit is achieved with the software driver. The bit_write() function updates the designated bit in wr_data but keeps other bits intact. The entire wr_data word is then written to the GPO core’s data register.

The class definition and implementation of the GPI core are shown in Listings 10.5 and 10.6. The GPI core only has a data input register, whose offset is 0. They are similar to those of GPO core. However, there is no need to maintain a copy of GPI’s data register since it can be retrieved at any time.



Listing 10.5 GpiCore class definition (in gpio_core.h)
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Listing 10.6 GpiCore class implementation (in gpio_core.cpp)


[image: ]

In an FPro system, all the I/O core’s registers are treated as 32-bit words. The actual widths may vary. For example, since the Nexys 4 DDR board contains 16 discrete LEDs and 16 switches, the vanilla FPro system configures the GPO and GPI cores with 16-bit internal registers. In a write operation, the 16 MSBs of the 32-bit word have no effect on the hardware and are ignored. In a read operation, the 16 MSBs of the retrieved 32-bit data contain invalid values. In a more robust implementation, this type of information should be passed from the hardware configuration to the software driver. The methods should check for errors or mask the unused bits. However, because this type of integration will introduce a significant amount of overhead, it is not implemented in the FPro framework. We need to be aware of the situation and handle it manually in the application program.



10.6.3 Timer driver

The timer IP core interface uses three registers and its I/O register map is shown in Figure 10.3. The core contains a large counter. It runs continuously but can be paused or cleared by the control signals. Registers 0 and 1 correspond to the 32 LSBs and 32 MSBs of the counter. Bits 0 and 1 of register 3 are connected to the enable and clear signals. Writing a 0 to bit 0 will pause the counting and writing a 1 will resume the counting. The bit 1 is not really a memory element. Writing a 1 to bit 1 generates a one-clock tick that clears the counter to 0. The class definition of the timer core is shown in Listing 10.7.



Listing 10.7 TimerCore class definition (in timer_core.h)
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The basic structure is similar to that of the GpoCore. The first enum definition uses symbolic names for the three register offsets. Another enum definition is added to specify the masks to extract enable and clear bits. The methods are used to control the counter, to extract counter’s current value, and to implement a “sleep” function. The private section keeps the base address and contains a variable, ctrl, which maintains a copy of data identical to the content of timer core’s control register.

The class implementation of the timer core is shown in Listing 10.8.



Listing 10.8 TimerCore class implementation (in timer_core.cpp)
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The constructor stores the base address and starts the counter. The pause() method resets the enable bit to pause the counting. The resume() method sets the enable bit to resume the counting. The clear() method writes the clear bit of the control register. Note that the writing is done via creating a temporary wdata variable without storing the value to ctrl.

The read_tick() method retrieves the content of two registers and packs them to obtain the number of clock ticks elapsed since the last clear. With the system clock frequency information, the read_time() method translates the elapsed clock ticks into elapsed time in microseconds. The sleep() method consists of a busy-waiting while loop. It checks the time continuously for us microseconds. The system execution is blocked in this interval and thus it is like forcing the system to sleep.



10.6.4 UART driver

The UART core can establish a serial character communication channel to a host computer via the serial port. Its interface utilizes FIFO buffers instead of I/O registers. Thus, the construction of its driver class, UartCore, is somewhat different. The details are discussed in Section 12.4. We just provide an overview of the high-level methods to be used later in this chapter. These methods set the baud rate and display a simple string or number:


	set_baud_rate(int baud) sets the baud rate of the UART. When an instance is created, the constructor sets the default baud rate to 9600. The method can be invoked if a different baud rate is desired.

	disp(const char *str) transmits a string, which is expected to be displayed on the console.

	disp(int n, int base, int len) converts the number n into a string and transmits the string. The base parameter can be 2, 8, 10, or 16 and the len parameter specifies the number of digits (i.e., length of the string) to be displayed.

	disp(int n, int base) is an overloaded version in which the length is determined automatically.

	disp(int n) is another overloaded version in which the length is determined automatically and base 10 (i.e., decimal) is used.

	disp(double f, int digit) converts a floating-point number f into a string and transmits the string. The digit parameter specifies the number of digits in fraction portion.

	disp(double f) is an overloaded version in which the digit is set to be 3. The disp() method can be used as a primitive version of printf().






10.7 FPRO UTILITY ROUTINES AND DIRECTORY STRUCTURE

A bare metal system runs in a freestanding C environment and cannot access normal C libraries. To facilitate the software development, we develop a set of simple utility routines to access system time and to communicate with a console. The definition and implementation of these routines are in chu_init.h and chu_init.cpp, respectively.


10.7.1 Minimal hardware requirements

The utility routines imposes the following requirements:


	A timer IP core in slot 0 of MMIO subsystem.

	A UART IP core in slot 1 of MMIO subsystem.



Thus, when an FPro system is created, the first two slots are reserved and must be connected to timer and UART cores. It is also recommended to use a GPO core for slot 2 and GPI core for slot 3. Recall that this is what constituted a vanilla FPro system in Figure 9.5. Additional peripheral and hardware accelerator IP cores can be added to the remaining slots of the system to meet a specific need.



10.7.2 Utility routines

There are four types of utility routines:


	Console display functions

	Timing functions

	Debugging messaging

	Bit manipulation macros



The definition and implementation files are shown in Listings 10.9 and 10.10.




Listing 10.9 Pro utility routine declarations and macros (in chu_init.h)
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Listing 10.10 FPro utility routine implementation (in chu_init.cpp)
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Console display functions

The console display routines provide primitive functionalities similar to those of printf(). An instance, named uart, with the UartCore class is created in chu_init.cpp and is made visible to all external codes. Thus, the instance and the methods of the UartCore class can be used in external codes to display a string or a number on the console:


	uart.disp(const char *str)

	uart.disp(int n, int base, int len)

	uart.disp(int n, int base)

	uart.disp(int n)

	uart.disp(double f, int digit)

	uart.disp(double f)



Timing functions

The timing functions are based on the timer core instantiated in slot 0. An instance with the TimerCore class, _sys_timer, is created in chu_init.cpp. The instance is configured to run continuously from initiation and essentially maintains the system up time (simply referred to as system time). It is not visible to external files and thus the timer cannot be paused or cleared. Several utility functions are derived from the timer driver:


	unsigned long now us(): returns system time in microseconds.

	unsigned long now ms(): returns system time in milliseconds.

	void sleep us(unsigned long int t): forces system to idle (“busy waiting”) for t microseconds.

	void sleep ms(unsigned long int t): forces system to idle for t milliseconds.



Debugging messaging

A debugging function, debug(), combined with directive _DEBUG, provides a simple way to facilitate the software development process. Two versions of debug(), which are debug_off() and debug_on(), are defined in the header file. Based on the status of the _DEBUG directive, one is used during preprocessing. The debug_off() function contains no code and the debug_on() function displays a line in a fixed format, which consists of a string, and two numbers in both decimal and hexadecimal formats. For example, a debugging line is inserted in a loop of the timer_check() function in Listing 10.11:




Listing 10.11 Vanilla FPro test program (in main_vanilla_test.cpp)
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We can turn on the debugging messaging during the initial code development by adding a directive statement in the main program


# define _DEBUG

When the program execution reaches this line, a debugging message will be displayed on the console

debug: timer check -(loop #)/now: 2(0x02) / 386735(0x5e6af)

We can turn off the debugging messaging later by simply deleting or commenting out the _DEBUG directive.

Bit manipulation macros

A set of macros are constructed to perform single-bit operations, as discussed in Section 10.5.1. They are repeated here:


	bit_set(data, n): sets bit n of data to 1.

	bit_clear(data, n): clears bit n of data to 0.

	bit_toggle(data, n): toggles bit n of data.

	bit_read(data, n): returns the value of bit n of data.

	bit_write(data, n, bitvalue): updates the bit n of data with a value of bitvalue.

	bit(n): returns a mask with bit n asserted.





10.7.3 Directory structure

The header file hierarchy is shown in Figure 10.6. The chu_init.h file instantiates a timer core and a uart core and thus needs timer_core.h and uart_core.h files. The TimerCore and UartCore classes utilize chu_io_map.h and chu_io_rw for basic I/O operations. The other IP core classes only need to include chu_init.h, which in turn invokes the basic I/O files. The main program should include the header files of the instantiated IP cores and the chu_init.h file as needed.
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Figure 10.6 Include file hierarchy.






10.8 TEST PROGRAM


10.8.1 IP core verification routine

After an IP core hardware and driver are developed, we need to develop a software test function to verify their operation. A good test function should exercise all the hardware and driver features and pay particular attention to special conditions and “corner cases.” It is a complex and time-consuming task. Since the book’s focus is on hardware development, we only include a simple test function to demonstrate the basic functionalities of the core and driver.



10.8.2 Programming with limited memory

One main difference between a desktop computer system and an embedded system is their memory capacities. The former usually has a large physical memory and a sophisticated memory management scheme and a normal application program is provided with a plenty memory space. In contrast, a bare-metal embedded system only has very limited memory and the application program must be carefully crafted to be fitted into the given memory. Since MicroBlaze MCS provides rather limited memory (up to 128 MB), we must be aware of the program size.

After an application program is compiled and linked, its image contains four main segment: text, data/bss, stack, and heap. The text segment is the program code and the data/bss contains global (external) and static data. The sizes of these two segments are fixed and known. The stack segment stores the parameters and local variables for function calls and the heap segment provides space for dynamically allocated data. The stack and heap segments grow and shrink dynamically during execution. The program crashes when it runs out of memory.

While the C++ class provides data abstraction for the device driver, creating an instance may require a large block of memory and can lead to consuming too much of the resource. To alleviate the problem, we adopt the following approaches for the FPro system:


	Create an external (global) instance for each physical core. This allows the object to be allocated in the data/bss segment and be accessed by all routines.

	Avoid excess use of C++ classes and instances and try to use C constructs for the non-driver functionalities.

	Reduce the size and complexity of the device driver.





10.8.3 Test function integration

Incorporating the testing function in a main program involves the following steps:


	Include the core driver header file.

	Develop the test function.

	Create an external instance.

	Call the function in main().



For example, an GPO core is included in the vanilla FPro system for the discrete LEDs. The code for the GPO test function is
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10.8.4 Test program for the vanilla FPro system

Following the preceding guideline, we can develop a test program to verify the operation of the four IP cores in the vanilla FPro system, as shown in Listing 10.11. Note that the UART core and the timer core are used implicitly in the chu_init.h file and thus are not shown in the main program.




An instance of GpiCore class, sw, and an instance of GpoCore class, led, are created first. The main program follows the super-loop structure discussed in Section 10.1.2. It contains four testing functions, one for each core. The timer_check() function blinks all LEDs once per second for five times, led_check() turns on and off an individual LED sequentially, sw_check() blinks an LED if the corresponding switch input is 1, and uart_check() sends a simple message to the serial console.

A debug() statement is included in timer_check() and the main program and a status message will be transmitted if the _DEBUG directive is not commented out. Note that the instantiated core instances are initialized to their default state via the constructors defined in the classes and thus there is no explicit initialization routine.



10.8.5 Implementation

In Appendix A.5.3, a tutorial is provided on how to construct the vanilla FPro system in Vivado Design Suite, to develop the software in Xilinx SDK (Software Development Kit) platform, and to download the .bit and .elf files to the FPGA device on the Nexys 4 DDR board for testing. The tutorial is based on the software version at the time of writing. Since Xilinx updates its software on a quarterly basis, the exact procedure may vary in the most current version.

As discussed in Section 9.4, the most troublesome part of using MicroBlaze MCS is downloading the .elf file. The MCS’s RAM is implemented by the FPGA’s internal BRAM modules. From a technical standpoint, there should be two ways to download the .elf file:


	The “normal” flow first downloads the .bit file to an FPGA device (i.e., constructing “hardware”) and then writes the FPGA’s BRAM modules with the .elf file (i.e., loading the software), as shown in Steps 5 and 8 in Figure 9.4.

	The “merged” flow treats the .elf file as the “initial values” of FPGA’s BRAM modules, merges them into the .bit file, and then downloads the merged .bit file to an FPGA device, as shown in Steps 8a and 5 in Figure 9.4.



At the time of writing, only the merged flow is functional and Vivado must be invoked to regenerate the bitstream for each software revision.




10.9 BIBLIOGRAPHIC NOTES

Developing a robust and versatile driver is quite involved. Programming Embedded Systems in C and C ++ by M. Barr introduces the basic concept and illustrates the construction of simple device drivers. Effective C++ by S. Meyer provides guidelines to produce clear and efficient C++ code. The “easy to use correctly and hard to use incorrectly” principle is one of its guidelines. Arduino is a popular micro controller platform and it is a representative bare metal system. The bit manipulation macros mirror those in the Arduino library.



10.10 SUGGESTED EXPERIMENTS


10.10.1 Chasing LEDs

The led_check() function of the test program turns on and off an individual LED sequentially. The lit LED appears to move (i.e., chase) along the strip. The chasing LEDs program enhances the function as follows:


	The 16 discrete LEDs are used as output, one lit at a time.

	The lit LED moves sequentially in either direction. It changes direction when reaching the rightmost or leftmost position.

	The slide switch 0 (labeled sw0 on the Nexys 4 DDR board) is used to “initialize” the process. When it is 1, the lit LED is moved to the rightmost position.

	The next five slide switches (sw1 to sw5) are used to control the chasing speed of the LED. The highest speed should be slow enough for visual inspection.

	When the chasing speed changes, a one-line message is transmitted to the console via the UART core. The format of the message is “current speed: ddd”, where ddd is the value of five speed setting switches.



Develop software and verify its operation.



10.10.2 Collision LEDs

A collision LED fucntion is similar to the chasing LED function in Section 10.10.1 but turns on two LEDs at a time. The two LEDs move independently and change direction when reaching the rightmost or leftmost position or “colliding” in the middle. The detailed specification is as follows:


	The 16 discrete LEDs are used as output, two lit at a time.

	The lit LEDs move sequentially in either direction. They change direction when reaching the rightmost or leftmost position or “colliding” in the middle.

	The slide switch 0 (labeled sw0) is used to “initialize” the first lit LED. When it is 1, the first lit LED is moved to the rightmost position.

	The slide switch 1 (labeled sw1) is used to “initialize” the second lit LED. When it is 1, the second lit LED is moved to the leftmost position.

	The two chasing speeds are independent. Slide switches 2 to 5 (sw2 to sw5) are used to control the chasing speed of the first LED and switches 6 to 9 (sw6 to sw9) are used to control the chasing speed of the second LED.



Develop software and verify its operation.



10.10.3 Pulse width modulation

The PWM (pulse width modulation) scheme is described in Section 14.1. Instead of using custom hardware, we can use a software function to generate a periodic pulse with the designated duty cycle. Derive the function for a PWM with eight bits of resolution and use eight slide switches and an LED to verify its operation.



10.10.4 System time display

The system time can be obtained from the timer core. We want to display the time on the console. The format is “up time -mm:ss”, where mm and ss are minutes and seconds, respectively. Develop the software and verify its operation.






CHAPTER 11 
FPRO BUS PROTOCOL AND MMIO SLOT SPECIFICATION


The FPro system uses a simple synchronous internal bus and defines a fixed slot interface for MMIO I/O cores. The bus and interface provide a flexible mechanism for the processor to communicate with I/O cores and a simple and disciplined way to incorporate custom logic into the system. In this chapter, we explain the bus protocol and slot specification, discuss the design of the bus interface circuit, demonstrate the construction of MMIO I/O cores, and show the derivation of the complete vanilla FPro system.


11.1 FPRO BUS


11.1.1 Overview of the bus

A bus is a communication path that connects multiple components. A system bus inside a computer is a bus for a processor to exchange data with memory modules and I/O devices. In a simple setting, the processor functions as a master and the memory modules and I/O devices are slaves. A master initiates the desired transaction, such as a read or write operation, and the designated slave responds accordingly.

Conceptually, a system bus can be thought as a collection of wires shared by all components. The simplified diagram is shown in Figure 11.1. The wires can be classified into three groups:
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Figure 11.1 Conceptual bus diagram.




	Data lines

	Address lines

	Control lines



The data lines carry the data to be transferred. The number of data lines represents the data width. An internal bus usually has separate lines for read data and write data. The address lines identify the location of a transaction. With n address lines, up to 2n distinct locations can be assigned. The upper bits of address lines are used to select a module or device and the lower bits of address lines are used to specify a location within the module or device. The control lines consist of command and status signals to control the desired transaction.



11.1.2 SoC interconnect

As the functionalities of a computer system grow, it incorporates more devices and demands faster data transfers. The bus architecture becomes more complex and tends to become the bottleneck. It becomes worse in SoC development since an SoC design contains multiple subsystems interacting and communicating among themselves. Instead of using a single centralized bus, an SoC platform provides a distributed communication infrastructure, sometimes referred to as an interconnect. The new Xilinx FPGA devices adopt the ARM AMBA AXI protocol for its infrastructure. The AXI protocol specifies a point-to-point interface between a single AXI master and a single AXI slave via five channels. A master can connect to multiple slaves, and vice versa. The AXI protocol does not dictate the implementation and leaves it to the SoC vendors. Xilinx provides a variety of interconnect IP cores in Vivado to implement the desired connection.

While the AXI protocol is capable and flexible, it is too complex for our learning purposes. In addition, although the AXI protocol is an open standard, its implementation relies on the vendor’s interconnect IP cores and thus can introduce portability issues. We define a much simpler bus protocol for the FPro system.



11.1.3 FPro bus protocol specification

The FPro bus is the communication medium shared by the I/O cores of the MMIO and video subsystems, as shown in Figure 9.2. The FPro bus is a simple synchronous system bus that supports only read and write operations. The processor is the master and can initiate a read or write transaction via the FPro bridge. The I/O cores in two subsystems are slaves.

In addition to the system clock and reset, the FPro bus contains the following signals:


	fp_addr (master to slave). It is a 22-bit address signal used to identify the destination I/O register or a memory location in the MMIO or video subsystems. Note that the memory space of the FPro I/O subsystem is “word addressable,” which means that the location specified by fp_addr is a 32-bit word.

	fp_rd_data (slave to master). It is a 32-bit signal carrying the read data.

	fp_wr_data (master to slave). It is a 32-bit signal carrying the write data.

	fp_rd (master to slave). It is a 1-bit control signal associated with a read operation.

	fp_wr (master to slave). It is a 1-bit control signal to initiate a write operation.

	fp_mmio_cs (master to slave). It is a 1-bit enable (i.e., “chip-select”) signal to activate the MMIO subsystem.

	fp_video_cs (master to slave). It is a 1-bit enable signal to activate the video subsystem.



Both FPro bus read and write operations are synchronous and must be completed in one clock cycle. The timing diagram is shown in Figure 11.2. It is assumed that the operation is performed in the MMIO subsystem. The timing of the video system is similar except that fp_video_cs is used.

The left portion shows the write cycle. At the rising edge of the clock, marked as t1, the bridge completes the translation of the write command from the processor’s native bus, places the address and write data on fp_addr and fp_wr_data, and activates the fp_mmio_cs and fp_wr signals. The decoding logic decodes the address and activates the enable signal of the designated I/O register. At the rising edge of the next clock, marked as t4, the designated register samples and stores the write data.

The right portion shows the read cycle. At the rising edge of the clock, marked as t5, the bridge completes the translation of the read command from the processor’s native bus, places the address on fp_addr, and activates the fp_mmio_cs and fp_rd signals. The multiplexing logic examines the address and routes the designated I/O register output to fp_rd_data. At the rising edge of the next clock, marked as t8, the bridge samples and stores the data and forwards it to the processor via its native bus. Note that the fp_rd signal is not directly involved in retrieving read data. It actually functions as a “removal” signal that gets rid of the old data item in I/O core to make a place for a new one. The use of the removal signal is demonstrated in Section 11.2.4.
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Figure 11.2 Timing diagram of the FPro bus.



The one-cycle operation imposes a strict timing constraint on the cores attached to the bus. However, since these cores are designed from scratch, an adequate buffer can be incorporated in its interface to accommodate the timing requirement. The detailed timing analysis is presented in Section 11.2.5.




11.2 INTERFACE WITH THE BUS


11.2.1 Introduction

A main task in SoC design is to integrate custom logic into the system. A common way is to attach the custom logic to the system’s bus and access it as an I/O core. This process involves two steps:


	Add a wrapping circuit to the custom logic to form a compatible I/O core that can interface with system’s bus.

	Update the system-level decoding circuit and multiplexing circuit to identify and access the core.



The wrapping circuit makes the core resemble a small memory and thus can be addressed and accessed accordingly. It contains a collection of registers (to mimic memory cells), a decoding circuit, and a multiplexing circuit. The decoding circuit decodes the address lines to identify and enable the designated destination register. The multiplexing circuit uses the address lines to select the designated source register and routes the data to the bus.

The functionalities of a system-level decoding circuit and a multiplexing circuit are similar to those within the I/O core except that they are used to identify an instantiated I/O core rather than a single register location.

In the memory-mapped I/O scheme, the system assigns a small consecutive memory space to each I/O core. This implies that each core is associated with a specific range of the address space. From this perspective, we can divide the address lines into module bits and offset bits. The offset bits constitute the lower portion of the address and its width is identical to the width of the I/O core address lines. The module bits constitute the remaining portion of the address. For example, consider a processor with an eight-bit address and an I/O core with four addressable I/O registers (i.e., a 2-bit address). When a system is constructed, we can allocate a four-word memory space, say 100011_00 to 110011_11, to the I/O core (i.e., a four-word block with a base address of 100011_00). The system-level decoding circuit uses the six upper module bits (i.e., 100011) to access this I/O core and the I/O core’s internal decoding circuit uses the two lower offset bits to select a specific internal register. Note that in this scheme the offset bits of the base address must be 0’s.

We demonstrate the basic design of the wrapping circuit and bus decoding and multiplexing in a simple setting in this section. The discussion assumes that the bus has only eight address lines and an I/O core has four addressable registers. We discuss the actual implementation of the FPro I/O core wrapping circuit and MMIO controller in Sections 11.3 and 11.5.



11.2.2 Write interface and decoding

During a write operation, the master places the data and destination address on bus and activates the write signal. The data is broadcasted via the data bus to all memory modules and I/O registers. A sequence of decoding circuits takes the address and their outputs assert the enable signals of the designated I/O core and the designated register so that the data will be stored into this particular register.

The block diagram of the write interface circuit is shown in Figure 11.3. Note that the I/O core has a one-bit cs (for “chip-select”) signal to select and enable the core.

Write interface of wrapping circuit

The key parts of the I/O core’s wrapping circuit are four registers and a decoding circuit. The function table of the decoding circuit is shown in Table 11.1. It is basically a 2-to-22 decoder. The inputs of the decoder are connected to the two LSBs of the address lines of the bus. If the core is selected (i.e., cs is 1), the decoded output enables the corresponding register and the write data is sampled and stored into the register at the rising edge of the clock.

System-level decoding circuit

The system-level decoding is tied to the base address of the instantiated core. Suppose that a four-word block with a base address of 100011_00 is allocated to this instantiated module. The decoding circuit consists of an “equal-to” comparator that compares the module bits (i.e., 6 MSBs) of the address lines with 100011. When the value matches, it asserts cs of the I/O core and activates the core.


[image: image]

Figure 11.3 Block diagram of the write interface.





Table 11.1 Functional table of a decoding circuit





	input

	output




	cs
	write
	addr
	e





	0
	–
	–
	0000



	1
	0
	–
	0000



	1
	1
	00
	0001



	1
	1
	01
	0010



	1
	1
	10
	0100



	1
	1
	11
	1000








11.2.3 Read interface and multiplexing

During a read operation, the master places destination address on the bus and activates the read signal. A sequence of multiplexing circuits selects and routes the data from the designated source register and places it on the read data lines of the bus. The master then retrieves the read data. The block diagram of the read interface circuit is shown in Figure 11.4.


[image: image]

Figure 11.4 Block diagram of the read interface.



Read interface of wrapping circuit

The key parts of the core’s wrapping circuit are four registers and a multiplexing circuit. The multiplexing circuit is a standard 22-to-1 multiplexer. As in the decoding circuit, the lower two LSBs of the address lines are used to identify the source. They are connected using the selection signal of the multiplexer to route the designated source to the system-level multiplexing circuit. Note that the read signal is not used in this configuration.

System-level multiplexing circuit

The system-level multiplexing circuit constitutes the second level of routing and contains another multiplexer. Its input ports are connected to the readout data from various I/O cores and its output data is connected to the read data lines of bus. The six module bits are used as the selection signal and route the read data from the designated module to the processor.



11.2.4 FIFO buffer as an I/O register

In the memory-mapped I/O scheme, an I/O register of a core is treated as a memory location and the processor reads and writes the register directly. However, there is a difference between a regular memory location and an I/O register. For a memory location, the processor performs both read and write operations and thus always knows the data “validness” of this location. For an I/O register, in contrast, the processor is only responsible for “half” of the access. In a write operation, the processor writes (i.e., produces) the data and an I/O core reads (i.e., consumes) the data. In a read operation, the processor reads (i.e., consumes) the data and an I/O core writes (i.e., produces) the data.

Since a processor usually runs faster than I/O cores, the production rate and consumption rate may not be the same and errors, such as reading the same received data from a slow UART core multiple times, may occur in the data access. One way to solve the problem is to replace an I/O register with a more general FIFO buffer. The block diagram of the revised write interface is shown in Figure 11.5. The decoded enable signals are connected to the write signals (wr) of the FIFOs. A processor can transmit a “burst” of data into the buffer without worrying about overwriting old data. The I/O core can check the FIFO status with FIFO’s empty signal, remove data with FIFO’s rd signal, and process the data at its own rate.
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Figure 11.5 Write interface with FIFO buffers.



The block diagram of revised read interface is shown in Figure 11.6. The design adds a circuit to remove data from an FIFO after a read operation. The circuit is a decoder identical to that in the write interface except that the write signal is replaced by the read signal. The decoded output enables the designated FIFO’s rd signal for one clock and removes the previously retrieved data.
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Figure 11.6 Read interface with FIFO buffers.



In a more realistic setting, additional circuits can be added to retrieve the FIFO status and to exercise better control. This is demonstrated in the wrapping circuit of the UART core in Section 12.3.2.



11.2.5 Timing consideration

With a better understanding of the interface circuit, the timing of FPro bus’s one-clock operation can be examined in more detail. We assume that all the signals of the bus are buffered by output registers. The timing diagram is shown in Figure 11.2. Let us first consider the write operation:


	At t1, the master issues a write command.

	At t2, all bus signals are stable after tCQ (clock-to-q delay) and the decoding circuit starts.

	At t3, the decoded enable signal reaches the designated slave I/O register after the tDEC delay.

	At t4, the designated slave I/O register samples and stores the write data.



Let the clock period be tCLK and the setup time of the register be tSETUP . As discussed in Section 4.6, the circuit must satisfy the timing constraint:


tCQ + tDEC + tSETUP < t CLK

In other words, tDEC must be smaller than tCLK − (tCQ + tSETUP ).


The analysis for the read operation is similar:


	At t5, the master issues a read command.

	At t6, all bus signals and I/O register outputs are stable after tCQ and the multiplexing circuit starts.

	At t7, the designated source read data is routed to the read data lines after the tMUX delay.

	At t8, the master samples and retrieves the data from bus.



The timing constraint becomes

tCQ + tMUX + tSETUP < tCLK

It implies that tMUX must be smaller than tCLK − (tCQ + tSETUP ).

Since the decoding and multiplexing operations of the FPro bus are not very complicated, both constraints can be satisfied with a 100M-Hz clock. A slower system clock can be used if necessary.




11.3 MMIO I/O CORE

The MMIO subsystem is composed of an MMIO controller and a collection of MMIO I/O cores. For simplicity, the MMIO controller defines a slot interface. An I/O core complying with the slot interface can be plugged into the controller and accessed by the processor. The block diagram of the MMIO subsystem is shown in Figure 11.7.
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Figure 11.7 Block diagram of the MMIO controller.




11.3.1 MMIO slot interface specification

From the processor’s perspective, a slot is a 32-word (25-word) memory module. The slot interface is defined as follows:


	addr (bus to core). It is a 5-bit address signal used to identify the 32-bit destination I/O register within the core.

	rd_data (core to bus). It is a 32-bit signal carrying the read data.

	wr_data (bus to core). It is a 32-bit signal carrying the write data.

	read (bus to core). It is a 1-bit control signal activated with the read operation.

	write (bus to core). It is a 1-bit control signal to enable the register write.

	cs (bus to core). It is a 1-bit enable (i.e., “chip-select”) signal to select and activate the core.



Its characteristics are similar to those of the FPro bus except that it contains a smaller five-bit address.

Note that the widths of the address and data line are fixed. The 32 registers represent the maximum number allowed in a core and some can be left unused. The 32-bit data width is selected to facilitate the processor data access. If a data item is less than 32 bits (e.g., one byte), the unused bits will be ignored. On the other hand, if a data item is more than 32 bits, it must be split into multiple registers and accessed through multiple read or write operations. The software must pack or unpack the data as needed.

An alternative to the fixed-size interface is to let each I/O core define its own address width and data width. This approach will make more efficient use of the memory space. However, because of the variation, a custom system-level decoding circuit and multiplexing circuit are needed for each individual SoC design. For simplicity, we use the fixed interface for the FPro system.



11.3.2 Basic MMIO I/O core construction

Constructing an MMIO I/O cores consists of the following steps:


	Design the custom digital circuit.

	Determine the I/O register map for the slot interface.

	Derive the wrapping circuit.

	Develop the software driver.



After a custom digital circuit is developed, we need to determine how the processor interacts with the I/O core, such as writing data, reading data, retrieving status, and issuing command, and to derive a register map accordingly.

A wrapping circuit “wraps” the custom logic to create an interface compatible with the slot specification. The “wrapped logic” then can be inserted into a slot of the MMIO controller.

The basic wrapping circuit design is discussed in Section 11.2. However, the interface of a real I/O core is usually not homogeneous. It contains input and output signals of different widths, access characteristics, and timing constraints. Based on the register map specification, we can add the necessary registers, FIFO buffers, decoding circuits, and multiplexing circuits in the wrapping circuit to match the slot specification.

The module declaration of an MMIO I/O core should include the slot interface signals and needed external signals. For example, the module declaration of the UART core is
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11.3.3 GPO and GPI cores

This book details the development of about a dozen MMIO I/O cores This section illustrates the design of GPO and GPI cores and the next section discussed the derivation of a more sophisticated timer core. The device drivers for GPI and GPO cores are discussed in Section 10.6.2. The derivations of the remaining I/O cores are discussed in the subsequent chapters.

GPO core The GPO core constitutes a general-purpose output port. It is simply a register that maintains the output data. The HDL code is shown in  Listing 11.1.





Listing 11.1 GPO core
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The core contains an output data register, buf_reg. The decoding is done with the cs && write expression. The write data is stored into the register when the condition is asserted. Since there is only one output register in the core, the addr signal is not used for the decoding. It is possible to assign an address offset, say 0, for the data register and decode this address:

assign wr_en = cs && write && (addr= =“00000”);

This is not necessary. Although the output signal, rd_data, is not used, it is connected to 0’s. The unused signal will be optimized away during synthesis.

GPI core The GPI core constitutes a general-purpose input port. It contains an input register that samples and stores input data every clock. The HDL code is shown in  Listing 11.2.




Listing 11.2 GPI core
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Since there is only one input source, there is no need for a multiplexing circuit and the addr signal is not used.




11.4 TIMER CORE DEVELOPMENT

A timer core is basically a counter. We can determine the elapsed time based on the counting value. A simple timer core can be constructed following the steps outlined in Section 11.3.2.


11.4.1 Custom logic

The custom logic of the timer core is a counter, similar to those discussed in Section 4.3.2. The following code segment is a 48-bit counter that can be cleared and paused with the clear and go signals:
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The 48-bit counter can count up to 248 clocks. With a system clock frequency of 100M Hz, it can count up to about 32 days.



11.4.2 Register map

The processor interacts with the counter as follows:


	retrieve (i.e., read) the 48-bit counter value.

	set or reset (i.e., write) the go signal to resume or pause the counting.

	generate (i.e., write) a pulse to clear the counter to 0.



Based on these interactions, we can define the timer core’s register map. There are two read registers. Their address offsets and fields are


	offset 0 (lower word of the counter)

	– bits 31 to 0: 32 LSBs of the counter




	offset 1 (upper word of the counter)

	– bits 15 to 0: 16 MSBs of the counter






There is one write register. Its address offset and fields are


	offset 2 (control register)

	– bit 0: the go signal of the counter

	– bit 1: the clear signal of the counter








11.4.3 Wrapping circuit for the slot interface

Based on the register map and the counter’s I/O signals, we can derive a wrapping circuit that complies with the slot specification and create the timer core. The HDL code is shown in  Listing 11.3.





Listing 11.3 Timer core
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The wrapping circuit consists of a one-bit control register, a decoding circuit, and a read multiplexing circuit. The control register maintains the value of the go signal. The decoding circuit decodes the two LSBs of addr to generate a write enable signal, wr_en. When it is asserted, bit 0 of wr_data is stored into the control register. Note that bit 1 of wr_data is not stored. It is used in conjunction with wr_en to generate a one-clock clear tick to reset the counter to 0. The multiplexing circuit uses bit 0 of addr (for offsets of 0 or 1) as the selection signal and routes the lower or upper word to rd_data. Since the counter is only 48 bits wide, 16 0’s are padded in front of the upper word. The device driver for the timer core is discussed in Section 10.6.3.




11.5 MMIO CONTROLLER

The MMIO controller can incorporate up to 64 slots. It performs subsystem-level decoding and multiplexing and serves as an interfacing circuit between the FPro bus and the I/O cores. An MMIO I/O core can be plugged into a slot and accessed by the processor.

The MMIO subsystem contains up to 64 (i.e., 26) I/O cores, each with up to 32 (i.e., 25) I/O registers. From processor’s perspective, the entire subsystem can be considered as a stand-alone I/O module with a 211-bit address space, in which the six MSBs are the module bits used to identify a core and the five LSBs are offset bits used to identify an I/O register within the core.

MMIO controller utilizes the six module bits to select and enable the designated I/O core and to perform subsystem-level decoding and multiplexing. The decoding circuit generates 64 enable signals, each connecting to the chip-select signal (cs) of an I/O core. The multiplexing circuit is a 64-to-1 multiplexer and routes the read data from the designated I/O core to the FPro bus. The block diagram of the controller is shown in Figure 11.7.

11.5.1 chu_io_map.svh file

A SystemVerilog header file contains constant definitions, data type definitions, and subprograms to be shared by multiple designs. We use a header file, chu_io_map.svh, to facilitate the construction of the MMIO subsystem and the video subsystem of Parts II, III, and IV. It maintains a list of symbolic slot names, which help us prevent any slot mismatch between hardware and software developments, as discussed in Section 10.4.1, and few constants. The code is shown in  Listing 11.4. Only the portion relevant to the vanilla FPro system is included.




Listing 11.4 Slot and constant definitions


[image: image]

The code is almost identical to that of a C header file except that the # symbol is replaced by the ‘ symbol. During the development, we can first create the chu_io_map.svh and then copy and paste its content to create the C++ chu_io_map.h header file. Only minor revisions are needed for the C++ header file and there will be no mismatched symbolic constants.


11.5.2 HDL code

The HDL code of MMIO controller is shown in  Listing 11.5.





Listing 11.5 MMIO controller
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The inputs are the signals from the FPro bus and the outputs are 64 slot interfaces connecting to 64 I/O cores. Note that the FPro bus has a 21-bit address line (connected to mmio_addr) but only 11 bits are used by the MMIO controller. The 11 bits are divided into slot_addr (i.e., the six module bits) and 5-bit reg_addr (i.e., the five offset bits).

The key parts of controller are a 6-to-64 decoder and a 64-to-1 multiplexer. They are coded using dynamic indexing, as discussed in Section 7.2.2. The code segment of the multiplexing circuit is

assign mmio_rd_data = slot_rd_data_array [ slot_addr ];

The code segment of the decoding circuit is
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All elements of slot_cs_array are assigned to ’0’. If the MMIO subsystem is enabled (i.e., mmio_cs = ’1’), the cs signal of the designated slot will be overwritten and asserted. Other FPro bus signals, including mmio_rd, mmio_wr, mmio_wr_data, and the five LSBs of mmio_addr (i.e., reg_addr), are rebroadcasted to all slots.



11.5.3 Vanilla MMIO subsystem

The vanilla MMIO subsystem is composed of MMIO controller and four I/O cores, which are timer core, UART core, GPO core, and GPI core. It is then used to create the vanilla FPro system. The block diagram of the vanilla FPro system is shown in Figure 11.8 and the vanilla MMIO subsystem is in the bottom. The module names in italic font correspond to those in HDL codes.
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Figure 11.8 Vanilla FPro system.



The HDL code is shown in  Listing 11.6. The detailed design and coding of the UART core are discussed in Chapter 12.




Listing 11.6 Vanilla MMIO subsystem
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The code first instantiates the MMIO controller and then instantiates four cores. A core is “inserted into” a controller slot by mapping its interface to a specific element of the controller’s 64-slot array.

The chu_io_map.svh header file is included in the first line and thus symbolic constants, such S1_UART1, are used for the slot number. For the 60 unused slots, a generate statement ties their read ports to 0’s. These will be optimized away in synthesis.

11.6 MCS I/O BUS AND BRIDGE

The Xilinx MicroBlaze MCS processor is used in this book. We provide an overview of the processor and its I/O bus and show the design of the bridge.

11.6.1 Overview of Xilinx MicroBlaze MCS

MicroBlaze is a 32-bit soft-core processor provided by Xilinx. The term “soft” here means that the processor is constructed from the logic cells of the FPGA device. MicroBlaze is highly configurable and a variety of optional features, such as instruction cache, data cache, memory management unit, and floating-point unit, can be included. It utilizes the AXI interface to communicate with other IP cores. A large collection of pre-designed IP cores, including memory controllers, general I/O peripherals, and specialized hardware accelerators, can be integrated to form a SoC design.

MicroBlaze MCS (micro controller system) is a complete MicroBlaze system that contains a pre-configured MicroBlaze processor, local memory, and a tightly coupled I/O module, which contains a set of standard I/O peripherals and a “bus port.” As its name shows, MCS is intended to be used as a 32-bit micro controller.

MicroBlaze MCS can be instantiated with Vivado’s IP catalog utility. For our purposes, it should be configured as follows:


	Set the memory size to 128 KB. This helps run larger programs.

	Enable the I/O bus port of the I/O module. The bus port will be used to bridge the FPro bus.

	De-select all other I/O peripherals. The I/O modules will be constructed from scratch in the MMIO subsystem. It is a good learning exercise and can maintain the portability.



The detailed steps are shown in the tutorial of Appendix A.4.

11.6.2 MicroBlaze MCS I/O bus

Unlike the full-featured MicroBlaze, MCS does not support the AXI interface. It uses a simple I/O bus port, which is the access port of the I/O module, to communicate with external components. A 30-bit byte address space, from 0xc0000000 to 0xffffffff, is allocated for this purpose.

The MCS I/O bus is a synchronous bus. In addition to the system clock and reset, it contains the following signals:


	IO_Address (master to slave). It is a 32-bit address signal. Note that the memory space of the MCS I/O module is “byte addressable,” which means that the location specified by IO_Address is a byte.

	IO_Read_Data (slave to master). It is a 32-bit signal carrying the read data.

	IO_Write_Data (master to slave). It is a 32-bit signal carrying the write data.

	IO_Addr_Strobe (master to slave). It is a 1-bit control signal to indicate whether IO_Address is valid.

	IO_Read_Strobe (master to slave). It is a 1-bit control signal associated with a read operation.

	IO_Write_Strobe (master to slave). It is a 1-bit control signal to initiate a write operation.

	IO_Byte_Enable (master to slave). It is a 4-bit control signal to indicate which bytes of IO_Write_Data are used in the write operation.

	IO_Ready (slave to master). It is a 1-bit status signal from the slave to indicate whether the designated transaction is completed.



The timing diagram of a typical write operation is shown in the left portion of Figure 11.9. The processor places the address and write data on IO_Address and IO_Write_Data lines and asserts the IO_Addr_Strobe and IO_Write_Strobe signals to initiate the operation. The designated I/O peripheral processes the data. After completion, it informs the processor by raising the IO_Ready signal. The IO_Byte_Enable can be used if only part of the word is written.
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Figure 11.9 Representative timing diagram of MCS I/O bus.



The timing diagram of a typical read operation is shown in the right portion of Figure 11.9. The processor places the address on the IO_Address lines and asserts the IO_Addr_Strobe and IO_Read_Strobe signals to initiate the operation. The designated I/O peripheral retrieves its internal data. After completion, it places the read data on the IO_Read_Data lines and raises the IO_Ready signal.

The MCS I/O bus utilizes the IO_Ready signal to implement a handshaking protocol. A slave can hold IO_Ready low when the data is not ready and thus the bus can incorporate slow I/O devices into the system. For example, the I/O device imposes two extra clock cycles in the read operation of Figure 11.9. However, there is a potential issue using handshaking in a prototyping environment. If one I/O core misbehaves and does not assert a ready signal properly, the processor will keep on waiting. This means that one ill-designed I/O core will freeze the entire system. Preventing the deadlock requires additional time-out mechanism and further complicates the bus design.

11.6.3 MCS-to-FPro bridge

The MCS-to-FPro bridge “translates” the MCS I/O bus’s write and read transactions to the corresponding operations on the FPro bus. Since the FPro bus protocol is simpler than the MCS I/O bus protocol, the bridge design is rather straightforward. It mainly performs address translation and control line conversion. The HDL code is shown in  Listing 11.7.




Listing 11.7 MCS-to-FPro bridge
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The address translation circuit decodes the MCS I/O bus’s 32-bit byte address and converts it to the FPro bus’s 21-bit word address and chip-select signals. From MCS processor’s perspective, the FPro I/O system is a single I/O module with a 24-bit byte addressable space (i.e., 22-bit word addressable space) at a base address of 0xc0000000. The address translation circuit decodes the 32-bit address as follows:


	bits 31 to 24: used to decode the FPro I/O module base address.

	bit 23: used to distinguish the two subsystems and generate the chip-select signals.

	bits 22 to 2: used to identify an I/O register or a memory location in the MMIO and video subsystems. They form the 21-bit FPro address.

	bits 1 to 0: not used because FPro system uses “word address.”



The base address is passed by a parameter, BRG_BASE, which is 0xc0000000 and is defined in the chu_io_map.svh header file. The eight MSBs of the address, which can be considered as the module bits, are used for the system-level decoding. The mcs_bridge_en is asserted if the module bits of I/O bus match those of the base address. It is then used to enable the chip-select signal of the MMIO subsystem or video subsystem (fp_mmio_cs or fp_video_cs).

The control line conversion circuit passes the read and write signals directly from the MCS I/O bus to the FPro bus. It asserts IO_Ready continuously (i.e., connects it to 1). From the master’s perspective, after it initiates a read or write operation, IO_Ready is asserted immediately in the next rising edge of the clock. This implies that operation is completed in one clock cycle and involves no handshaking mechanism. The IO_Addr_Strobe signal is not checked since we assume that MCS I/O module always asserts it in a read or write operation. The IO_Byte_Enable signal is also not used since we assume that the I/O transaction is always performed on a word basis, as defined in the chu_io_rw.h header file in Section 10.4.3.

To the meet timing requirement discussed in Section 11.2.5, the output signals of the bridge should be buffered with output registers. However, the documentation of MCS I/O module indicates that the I/O bus signals are already buffered and thus the buffer in this particular bridge is omitted.

11.7 VANILLA FPRO SYSTEM CONSTRUCTION

The vanilla FPro system is a basic but functional configuration. It does not include the video subsystem and its MMIO subsystem contains only the four most essential I/O cores. It is the base for more sophisticated systems. The block diagram is shown in Figure 11.8.

The HDL code can be derived by following the hierarchy of the block diagram. The vanilla MMIO subsystem contains the MMIO controller and four I/O cores and is discussed in Section 11.5.3. The top-level FPro system consists of an MCS processor, the MCS-to-FPro bridge, and the vanilla MMIO subsystem. The HDL code is shown in  Listing 11.8.




Listing 11.8 Vanilla FPro system
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The code follows the top-level diagram and instantiates the three components. The tutorial in Appendix A.5 shows the detailed steps to incorporate these HDL files in a project and to synthesize and implement the vanilla FPro system.

11.8 BIBLIOGRAPHIC NOTES

The interconnect structure has become a key element in a computer system and in an SoC design. Computer Organization and Architecture by W. Stallings provides an overview of the bus interface in a traditional computer system. On-Chip Communication Architectures by N. Dutt and S. Pasricha gives a comprehensive discussion on-chip SoC interconnect structure.

Xilinx’s product guides, MicroBlaze Micro Controller System (PG116) and I/O Module (PG111), provide detailed information on the MicroBlaze MCS processor and its internal I/O module.

11.9 SUGGESTED EXPERIMENTS

11.9.1 FPro bus with a byte-lane enable signal

The FPro bus write operation always writes a 32-bit word. A more elaborate scheme is to include an additional four-bit byte-lane enable signal, bytelane, to indicate which byte (or bytes) is to be modified. For example, if bytelane is 0001, only the least significant byte of the word will be updated, and if bytelane is 1100, the two most significant bytes of the word will be updated. Show the needed modification for the write interface in Figure 11.3.

11.9.2 Seven-segment control with a GPO core

It is possible to use a GPO core to control a four-digit seven-segment LED display. The basic design and verification procedure is as follows:


	Expand the vanilla FPro system to include a 12-bit GPO core in slot 4.

	Use eight bits of the GPO port for the decimal point and seven LED segments.

	Use four bits of the GPO port for four time-multiplexed enable signals.

	Derive and synthesize the new FPro system.

	Develop a software routine to generate the four periodic time-multiplexing signal.

	Derive a testing program and and verify its operation.



Note that a custom seven-segment control core is discussed in Chapter 15.


11.9.3 GPIO core

A GPIO (general-purpose input-output) core supports bidirectional port and can be configured as either an input port or an output port. The core should have tristate buffers and three registers, which are an input data register, an output data register, and a direction register. The output of the direction register controls the enable signal of the tristate buffers. The processor can write the direction register to specify the direction of the signal flow (i.e., input or output) of individual bits. The basic design and verification procedure is as follows:


	Determine the register map and derive the wrapping circuit.

	Derive the HDL code.

	Derive the device driver.

	Expand the vanilla MMIO subsystem to include a 32-bit GPIO core in slot 4.

	Modify the vanilla FPro system to connect both led and sw signals to the GPIO core and synthesize the new system.

	Derive a testing program and verify its operation.



11.9.4 Blinking-LED core

A blinking-LED core can turn LEDs on and off at specific rates. The core has a four-bit output signal connected to four discrete LEDs. It has four 16-bit registers that specify the values of the individual blinking intervals in milliseconds. With the blinking-LED core, the processor only needs to write the registers. The basic design and verification procedure is as follows:


	Design the blinking circuit for one LED and duplicate it four times.

	Determine the register map and derive the wrapping circuit.

	Derive the HDL code.

	Derive the device driver.

	Expand the vanilla MMIO subsystem to include a blinking-LED core in slot 4.

	Modify the vanilla FPro system to connect the led signal to the blinking-LED core and synthesize the new system.

	Derive a testing program and verify its operation.



11.9.5 Timer core with a programmable period

One useful feature of a timer is to generate a periodic tick as an output signal. The tick can drive other circuits or function as a periodic interrupt source or a watchdog timer. This can be achieved by revising the counter of the timer core in Section 11.4. The original counter runs continuously to the maximum value (i.e., 248 − 1) and wraps around, which implies that the period of this counter is 248 − 1 clock cycles. An additional circuit can be added to compare the designated maximum value and thus the counter will wrap around after a “programmable” interval. A one-clock tick signal will be generated each time the counter reaches the maximum value. The basic design and verification procedure is as follows:


	Design the new counter.

	Determine the register map and derive the wrapping circuit.

	Derive the HDL code.

	Derive the device driver.

	Expand the vanilla MMIO subsystem to include a new timer core in slot 4.

	Connect the tick signal to an FPGA pin in the vanilla FPro system and synthesize the new system.

	Derive a testing program.

	Use an oscilloscope or a logic analyzer to check the tick signal and verify its operation.



11.9.6 Timer core with a run-once mode

Another useful feature of a timer is to function as a one-shot circuit, which is used to generate a single output pulse of a specified width after a trigger. This can be achieved by incorporating a run-once mode into the timer core in Experiment 11.9.5. The previous counter operates in a continuous mode, in which it runs to maximum value and then wraps around and repeats. The modified counter can run once to the maximum after a start signal is asserted and then pause. An additional control signal specifies the operation mode. The basic design and verification procedure is as follows:


	Design the new counter with continuous and run-once modes.

	Determine the register map and derive the wrapping circuit.

	Derive the HDL code.

	Derive the device driver.

	Expand the vanilla MMIO subsystem to include a new timer core in slot 4.

	Connect the pulse signal to an FPGA pin in the vanilla FPro system and synthesize the new system.

	Derive a testing program.

	Use an oscilloscope or a logic analyzer to check the output pulse and verify its operation.









CHAPTER 12 
UART CORE


Serial communication uses a single data line to exchange information between two systems. The transmitting system converts the parallel data to a serial stream and the receiving system reassembles the serial data back to its original parallel format. A UART (universal asynchronous receiver and transmitter) is the most commonly used scheme. In this chapter, we describe the construction of a UART controller, the development of its slot wrapping circuit, the derivation of the software driver, and its potential application.


12.1 INTRODUCTION


12.1.1 Overview of serial communication

A system frequently needs to communicate with another system that does not reside in the same device. To reduce the number of I/O pins and external wiring and cabling, the two systems can transfer data over a single serial line, one bit at a time. The transmitting system performs the parallel-to-serial conversion and then sends the serial data via a single line. The receiving system performs the serial-to-parallel conversion and restores the original parallel data.

Serial communication can be used for both high-speed and low-speed data transfer. In a high-speed interface, such as USB and gigabit Ethernet, the data rate can reach several hundred million bits per second or more. The transmitting and receiving circuits are commonly referred to as SerDes (for serializer-deserializer) blocks.
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Figure 12.1 Transmission of a byte.



Its protocol and specification are very complex and its design is beyond the scope of this book.

In a low-speed interface, the data rate ranges from several thousand to several hundred thousand bits per second. It is adequate for most general I/O peripherals and for data acquisition and control tasks. Since the data rate is much slower than the clock rate of the FPGA board, these schemes can be realized by an FPGA’s generic logic elements. We discuss the UART scheme in this chapter and cover the I2C, SPI, and PS2 schemes in Chapters 17, 16, and 18.



12.1.2 Overview of the UART

A basic UART controller includes a transmitter and a receiver. The transmitter is a special shift register that loads data in parallel and then shifts it out bit by bit at a specific rate. The receiver, on the other hand, shifts in data bit by bit and then reassembles the data. The serial line is 1 when it is idle. The transmission starts with a start bit, which is 0, followed by data bits and an optional parity bit, and ends with stop bits, which are 1. The number of data bits can be 6, 7, or 8. The optional parity bit is used for error detection. For odd parity, it is set to 0 when the data bits have an odd number of 1’s. For even parity, it is set to 0 when the data bits have an even number of 1’s. The number of stop bits can be 1, 1.5, or 2. The transmission with eight data bits, no parity, and one stop bit is shown in Figure 12.1. Note that the LSB of the data word is transmitted first.

No clock information is conveyed through the serial line. Before the transmission starts, the transmitter and receiver must agree on a set of parameters in advance, which include the baud rate (i.e., number of bits per second), the number of data bits and stop bits, and use of the parity bit. With the predetermined parameters, the receiver uses an oversampling scheme to retrieve the data bits. The commonly used baud rates are 9,600 and 19,200 baud.



12.1.3 Oversampling procedure

The most commonly used sampling rate is 16 times the baud rate, which means that each serial bit is sampled 16 times. For a communication link with N data bits and M stop bits, the oversampling scheme works as follows:


	Wait until the incoming signal becomes 0, the beginning of the start bit, and then start the sampling tick counter.

	When the counter reaches 7, the incoming signal reaches the middle point of the start bit. Clear the counter to 0 and restart.

	When the counter reaches 15, the incoming signal progresses for one bit and reaches the middle of the first data bit. Retrieve its value, shift it into a register, and restart the counter.

	Repeat step 3 N–1 more times to retrieve the remaining data bits.

	If the optional parity bit is used, repeat step 3 one time to obtain the parity bit.

	Repeat step 3 M more times to obtain the stop bits.



The oversampling scheme basically performs the function of a clock signal. Instead of using the rising edge to indicate when the input signal is valid, it utilizes sampling ticks to estimate the middle point of each bit. While the receiver has no information about the exact onset time of the start bit, the estimation can be off by at most . The subsequent data bit retrievals are off by at most  from the middle point as well. Because of the oversampling, the baud rate can only be a small fraction of the system clock rate, and thus this scheme is not appropriate for a high data rate.




12.2 UART CONSTRUCTION


12.2.1 Conceptual design

The top-level diagram of a UART system is shown in Figure 12.2. It consists of five major components. The baud rate generator generates an oversampling tick. The receiver performs the serial-to-parallel conversion and the transmitter performs the parallel-to-serial conversion. Two FIFO buffers are used between the UART receiver and transmitter and the processor as cushions.
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Figure 12.2 Block diagram of a complete UART.



The FIFO buffers are needed because the data processing rate of a UART is much slower than the rate of FPGA’s soft-core processor. A buffer allows the processor to process a burst of data. For example, instead of waiting for completion for each individual byte, a processor can write several bytes in a burst to a transmitting buffer and continue other tasks.

We illustrate the construction of the key components in the following subsections. The design is customized for a UART without a parity bit.



12.2.2 Baud rate generator

The baud rate generator generates a sampling signal whose frequency is exactly 16 times the UART’s designated baud rate. To avoid creating a new clock domain and violating the synchronous design principle, the sampling signal should function as enable ticks rather than the clock signal to the UART receiver.

The baud rate generator is a programmable counter and the HDL code is shown in  Listing 12.1.



Listing 12.1 Baud rate generator
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The code is similar to the parameterized mod-m counter discussed in Section 4.3.2 except that the original comparison expression, r_reg==(M-1), is replaced with r_reg==dvsr). The dvsr (for divisor) term is an external signal and thus its value can be set dynamically during operation. In addition, dvsr (instead of dvsr-1) is used to reduce hardware complexity. If the value of dvsr is v, the counter counts from 0 to v and wraps around. Thus, it is a mod-(v + 1) counter.

The value v depends on the desired baud rate and system clock rate. Let the baud rate be b and the system clock rate be f. The desired sampling rate becomes 16 * b and the counter should count  and wrap around. This means that
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and v becomes [image: image]



12.2.3 UART receiver

The UART receiver obtains the data byte from the serial line via oversampling. It uses the tick from the baud rate generator to estimate the middle points of the transmitted bits and then retrieves them at these points accordingly. The overall receiving operation can be described by an ASMD chart, as shown in Figure 12.3. To accommodate future modification, two parameters are used in the description. DBIT indicates the number of data bits and SB_TICK indicates the number of ticks needed for the stop bits, which is 16, 24, and 32 for 1, 1.5, and 2 stop bits, respectively.

The ASMD chart follows the steps discussed in Section 12.1.3 and includes three major states, start, data, and stop, which represent the processing of the start bit, data bits, and stop bit. The s_tick signal is the enable tick from the baud rate generator and there are 16 ticks in a bit interval. Note that the FSMD stays in the same state unless the s_tick signal is asserted. There are two counters, represented by the s and n registers. The s register keeps track of the number of sampling ticks and counts to 7 in the start state, to 15 in the data state, and to SB_TICK in the stop state. The n register keeps track of the number of data bits received in the data state. The retrieved bits are shifted into and reassembled in the b register. A status signal, rx_done_tick, is included. It is asserted for one clock cycle after the receiving process is completed.

The corresponding code is shown in  Listing 12.2. Since the incoming rx signal is not driven by the system clock, an additional two-FF synchronizer is added.



Listing 12.2 UART receiver
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Figure 12.3 ASMD chart of a UART receiver.





12.2.4 UART transmitter

The UART transmitter is essentially a shift register that shifts out data bits at a specific rate. The rate is controlled by the same enable tick signal generated by the baud rate generator. Each bit lasts for 16 ticks. The FSMD of the UART transmitter is similar to that of the UART receiver. After assertion of the tx_start signal, the FSMD loads the data word and then gradually progresses through the start, data, and stop states to shift out the corresponding bits. It signals completion by asserting the tx_done_tick signal for one clock cycle. A one-bit buffer, tx_reg, is used to filter out any potential glitch. The corresponding code is shown in  Listing 12.3.



Listing 12.3 UART transmitter
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12.2.5 Top-level HDL code

The top-level HDL code follows the diagram in Figure 12.2 and instantiates the five major components. The FIFO buffer component is the one designed in Section 7.3. The code is shown in  Listing 12.4.



Listing 12.4 UART top-level description
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The parameters specify the number of data bits, the number of stop bits, and the size of the FIFO buffers.




12.3 UART CORE DEVELOPMENT

We can follow the procedure in Section 11.3.2 to add a wrapping circuit for the UART controller and create an MMIO IP core.


12.3.1 Register map

The processor interacts with the UART controller as follows:


	set (i.e., write) the divisor value of the baud rate generator.

	receive (i.e., read) a data byte from the receiving FIFO buffer.

	generate (i.e., write) a pulse to remove a data byte from the receiving FIFO buffer.

	check (i.e., read) the rx_empty signal to determine whether a data byte is in the receiving FIFO buffer.

	transmit (i.e., write) a data byte to the transmitting FIFO buffer.

	check (i.e., read) the tx_full signal to determine whether the transmitting FIFO buffer is available.



Based on these interactions, we can define the UART core’s register map. For clarity, we separate the read and write operations into different registers. There is one read register. Its address offset and fields are


	offset 0 (read data and status register)

	– bits 7 to 0: 8-bit received data

	– bit 8: empty status of the receiving FIFO buffer

	– bit 9: full status of the transmitting FIFO buffer






There are three write registers. Their address offsets and fields are


	offset 1 (baud rate divisor register)

	– bits 10 to 0: 11-bit divisor value



 
	offset 2 (write data register) 

	– bits 7 to 0: 8-bit transmitted data 




	offset 3 (read data removal register) 

	– 	dummy data write to generate a pulse to remove a data byte from the receiving FIFO buffer






Note that the term “register” here is just used to express a conceptual location within the I/O core. It may or may not correspond to a physical register.



12.3.2 Wrapping circuit for the slot interface

Based on the register map and the I/O signals of the UART controller, we can derive a wrapping circuit that complies with the slot specification and create the UART core. The HDL code of the core is shown in  Listing 12.5.



Listing 12.5 UART core
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The wrapping circuit consists of a UART controller instance, a register to store the value of the baud rate divisor, and a write decoding circuit. Since the UART controller already has built-in receiving and transmitting FIFO buffers, no additional I/O register is created for the received and transmitted data. Note that the DBIT and SB_TICK parameters are assigned to 8 and 16 in this design, which leads to a UART with eight data bits and one stop bit, the most widely used configuration.

The decoding circuit uses the two LSBs of addr and cs to generate three enable signals. The wr_dvsr and wr_uart signals write data to the divisor register and the transmitting FIFO buffer, respectively. The rd_uart signal acts as a one-clock data removal tick.

The read data is constructed by the data from the receiving FIFO buffer and two FIFO status signals. Since there is only one read register in the register map, there is no need for multiplexing.

Note that the control of the FIFO buffer is somewhat different from that of Section 11.2.4. When reading a data item from the FIFO buffer, we can either remove the item or keep it intact. The latter approach provides more flexibility for software development but requires a separate instruction to perform the removal operation. We use this approach in the design. When the processor writes a dummy data to I/O register 3, rd_uart is asserted for one clock cycle and the data byte in the head of the receiving buffer is removed.

Alternatively, rd_uart can be tied to a read operation:

assign rd_uart = read && cs;

The data item will be automatically removed during a read operation and no separate write instruction is needed. However, since the FIFO buffer can be empty, it is necessary to check the rx_empty status to verify that the read data is valid.




12.4 UART DRIVER

UART driver consists of two sets of routines. The first set accesses the I/O registers and performs basic operations such as transmitting a byte, receiving a byte, and checking status. The second set transmits and displays a string or a number on a console. The routines can be considered a primitive version of printf(). However, they are very simple and do not require much memory space. If more formatting and printing functionalities are desired, the second set can be separated into a new class with more sophisticated methods.


12.4.1 Class definition

The class definition of the UART core is shown in  Listing 12.6.



Listing 12.6 UartCore class definition (in uart_core.h)
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The first enum definition uses symbolic names for the four register offsets. The second enum definition specifies the masks to extract the data byte and status bits from the RD_DATA_REG register.



12.4.2 Basic methods

The class implementation of the constructor and the first set of methods is shown in  Listing 12.7.



Listing 12.7 UartCore basic methods (in uart_core.cpp)
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The UartCore() constructor saves the base address and sets the baud rate to a default value of 9600. The set_baud_rate() method calculates the divisor value to the desired baud rate and writes it to the divisor register. This method can be invoked if the desired baud rate is different from the default value. The rx_fifo_empty() and tx_fifo_full() methods extract and return the corresponding status bit.

The tx_byte() method transmits a data byte. It “busy-waits” until a space in the transmitting FIFO buffer is available (i.e., not full) and then writes the data to the buffer. The rx_byte() method tries to retrieve a data byte. It first checks whether the receiving FIFO buffer is empty and returns −1 as if the condition is true. Otherwise, it retrieves the data byte and deletes it from the FIFO buffer. Since the external source may not send a data byte in a timely manner, this method intentionally avoids the busy-waiting scheme.



12.4.3 ASCII code

A main application of a UART is to communicate with an external host and display the relevant information in a command console. The information is transmitted as characters in ASCII code, which is 7 bits wide and consists of 128 code words, including regular alphabets, digits, punctuation symbols, and nonprintable control characters. The characters and their code words (in hexadecimal format) are shown in Table 12.1. The nonprintable characters are shown enclosed in parentheses, such as (del). Several nonprintable characters may introduce special action when received:


	(nul): null byte, which is the all-zero pattern

	(bel): generate a bell sound, if supported

	(bs): backspace

	(ht): horizontal tab

	(nl): new line

	(vt): vertical tab

	(np): new page

	(cr): carriage return

	(esc): escape

	(sp): space

	(del): delete, which is also the all-one pattern



Many low-level driver functionalities involve serial communication. The following observations help us manipulate and process the ASCII code:


	When the first hex digit in a code word is 0x0 or 0x1, the corresponding character is a control character.

	When the first hex digit in a code word is 0x2 or 0x3, the corresponding character is a digit or punctuation.

	When the first hex digit in a code word is 0x4 or 0x5, the corresponding character is generally an uppercase letter.

	When the first hex digit in a code word is 0x6 or 0x7, the corresponding character is generally a lowercase letter.

	If the first hex digit in a code word is 0x3, the lower hex digit represents the corresponding decimal digit.

	The upper- and lowercase letters differ in a single bit and can be converted to each other by adding or subtracting 0x20 or inverting the sixth bit.



Note that the ASCII code uses only 7 bits, but a data word is normally composed of 8 bits (i.e., a byte). The PC uses an extended set in which the MSB is 1 and the characters are special graphics symbols. This code, however, is not part of the ASCII standard.



Table 12.1 ASCII codes
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12.4.4 Display methods

The class implementation of the second set of routines is shown in  Listing 12.8. They are overloaded methods to transmit and display a string and a number. A private method, disp_str(), is used to facilitate the processing.



Listing 12.8 UartCore display methods (in uart_core.cpp)
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The disp_str() method transmits a string one character at a time, which is expected to be displayed on a console. The overloaded disp() methods display a character, a string, or a number. The disp(char ch) simply transmits ch as a raw byte without processing. The disp(const char *str) method simply calls disp_str(). The disp(int n, int base, int len) method converts a number, n, into a displayable string. The base parameter specifies the base, which can be 2 (for binary), 8 (for octal), 10 (for decimal), or 16 (for hexadecimal). The len parameter specifies the number of digits in the string (i.e., length). Extra 0’s will be padded in front as needed. No padding 0’s will be added if len is 0. The other two relevant overloaded disp() methods use no padding 0’s and base-10 representation. The disp(double f, int digit) method converts a floating-point number, f, into a displayable string. The string contains an integer portion and a fraction portion. The digit parameter specifies the number of digits in the fraction portion. The other relevant method sets digit to be 3.
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Figure 12.4 Layered model of an emulated serial port.





12.4.5 Test

The testing program shown in  Listing 10.11 includes a simple function, uart_check(), to verify the operation of the UART core and driver.




12.5 ADDITIONAL PROJECT IDEAS


12.5.1 Original serial port

A UART is sometimes referred to as a serial port. The original serial port was used in conjunction with the RS-232 standard, which formally defines the electrical characteristics and physical dimension of the connectors. The valid signals are either in the range of +3 to +15 volts or −3 to −15 volts and the connection requires a bulky nine-pin D-sub connector. These voltage ranges are not compatible with today’s FPGA devices, whose I/O pins are usually configured using LVTTL or LVCOMS standard with an output voltage range between 0 and 3.3 volts.

The oversampling scheme limits the performance of a UART. While it is not adequate for high-speed communication, its simple construction is still a cost-effective way to transfer low-rate data. An embedded processor usually contains one or more serial ports



12.5.2 Emulated serial port

Because of the bulky connector and thick cable, very few systems support the original RS-232 port now. Various types of “adaptors” are used in conjunction with a UART and function like an emulated serial port. We can treat the emulated port as a layered framework, as shown in Figure 12.4. There are three layers:


	UART layer: converts a byte stream to a bitstream

	Medium control layer: controls the bit transfer over a physical medium

	Physical medium



In the original serial port, the medium control layer is a voltage level shifting device, such as MAX232, which converts the signals to and from different voltage levels, and the physical medium is an RS-232 cable.

The emulated serial port can be implemented by several schemes:


	Direct connection

	USB-to-UART adaptor

	Bluetooth adaptor

	ZigBee adaptor

	WiFi adaptor



The following subsections discuss their potential applications.



12.5.3 Direct connection

If the voltage range is compatible, two UARTs can be connected directly. The wires constitute the media control layer and the physical medium. The most common application is to establish a wired link between two FPGA boards or between an FPGA board and an external module.

One interesting application is to use direct connection to control iRobot Create, a robot based on vacuum cleaning iRobot Roomba. The iRobot Create constitutes a versatile “ready-to-use” mobile platform with built-in motors and wheels, a chargeable battery, and several dozen sensors. It has a built-in processor and a serial port. The FPGA board can control the platform and retrieve sensor data via a UART. For example, setting Create’s speed can be done by sending a five-byte command, 0x7d, 0xmm, 0xmm, 0xnn, and 0xnn, where 0x7d is the code for “drive,” and mmmm and nnnn are two 16-bit numbers specifying the speeds of the left and right wheels, respectively. The FPGA board, along with other sensors and components, can be mounted on the cargo bay.



12.5.4 USB-to-UART adaptor

Most today’s desktop and lap computers use a single type of serial interface - the USB port - for general I/O peripherals. The USB implementation needs a complicated software protocol stack and involves licensing. A device, FT232, manufactured by FTDI (Future Technology Devices International), can be used as an adaptor between a UART and a USB port. The device converts the UART signals to USB data streams and functions as a USB client. The corresponding software driver in the desktop computer translates the USB data back to the UART byte streams and creates an emulated serial port. In this scheme, the adaptor constitutes the medium control layer and the USB cable is the physical medium.

The Nexys 4 DDR board contains an FT2232 (similar to FT232) device and connects the UART signals through a USB port. For an FPGA board without such device, a separate USB-to-UART adaptor module can be used. The UART’s rx and tx signals can be routed to two normal I/O pins and then connected to the adaptor module.

From the desktop computer’s point of view, the behavior of an emulated serial port is identical to that of a normal serial port. Thus, any application or software library designed for a serial port can be used for the emulated port. The terminal emulator, such as PuTTY, is the most common application. It establishes a serial link between the FPGA board and the desktop computer to exchange information. The terminal emulator is too primitive for complex interaction. A more useful software tool is the Processing language and IDE (integrated development environment). It is based on a simple graphics programming model and can be used to capture and display serial data and create a GUI to interact with the FPGA board.



12.5.5 Wireless adaptor

A wireless serial port adaptor contains a processor, radio, and firmware that implements a wireless protocol stack. Bluetooth, Zigbee, and Wifi are three commonly used wireless technologies. In these schemes, the wireless adaptor constitutes the medium control layer and the radio wave is the physical medium.

A Bluetooth adaptor implements the Bluetooth SPP (serial port profile) protocol. Its main application is to establish a wireless link to connect (i.e., pair) two devices. Most tablet computers and smart phones support Bluetooth and thus the Bluetooth adaptor provides an easy way for an FPGA board to communicate with these devices. The simplest way to exchange information is to run a terminal emulator app in a tablet or a smart phone. Creating a custom app to interact with the FPGA board requires a substantial amount of programming skill. In the Android platform, an alternative is to use the App Inventor framework, which provides a simple graphic environment to build an Android app. The “programming” is done by dragging and dropping visual objects that look like jigsaw pieces and the finished program resembles a completed jigsaw puzzle. The framework can be used to access sensors of an Android device and create a custom GUI. It can be used to develop apps to interact with an FPGA board.

The ZigBee standard specifies a collection of protocols based on IEEE 802.15.4 and is intended to create a low-data rate mesh wireless network. An XBee is an adaptor based on the ZigBee standard and manufactured by Digi International. It is wrapped with a serial port and thus can be connected to a UART of an FPGA board. An XBee module can work in either transparent mode or API (application programming interface) mode. The former is used for point-to-point communication and the link establishes an emulated serial port. The API mode uses a frame, which is composed of address, command, and various data payload fields to communicate between nodes.

The WiFi technology is specified by the IEEE 802.11 standard and is the method used to connect a device wirelessly to the internet. In an embedded system, the connection is usually done with a WiFi adaptor, which contains an embedded processor, radio, and firmware that implements the TCP/IP protocol stack and supports commonly used internet protocols. The adaptor establishes a link to an access point (usually a wireless router) and sets up a TCP/IP socket. It is wrapped with a serial port and thus can be accessed by an FPGA board. The World Wide Web follows a client-server model, in which the client initiates the request and the server sends the responses back to the client. With a WiFi adaptor, the FPGA board can transmit and receive http messages via a UART. A common setting is to configure the FPGA board and the WiFi module as a server. A client (i.e., a web browser) can access the FPGA board by requesting information or posting commands through the internet.




12.6 BIBLIOGRAPHIC NOTES

Although the serial port is very old, it still provides a simple and reliable low-speed communication link. The Wikipedia website has a good overview article and several useful links on the subject (search with the RS232 and serial port keywords). Serial Port Complete by Jan Axelson provides comprehensive information on programming, interfacing, and using serial ports. The disp() method is based on the print() function of the Arduino platform and its codes can be found in the Arduino library.

The iRobot Create Open Interface standard defines command and response structures of iRobot Create. Processing: A Programming Handbook for Visual Designers and Artists by C. Reas and B. Fry provides a detailed discussion of the Processing language and App Inventor for Android: Build Your Own Apps by J. Tyler describes the App Inventor platform.



12.7 SUGGESTED EXPERIMENTS


12.7.1 UART-controlled chasing LEDs

Consider the chasing LEDs circuit in Experiment 10.10.2. With the UART, we can use a PC’s terminal emulator, such as PuTTY, to control its operation:


	When a q or Q ASCII code is received, “initialize” the first lit LED by moving it to the rightmost position.

	When a w or W ASCII code is received, “initialize” the second lit LED by moving it to the left position.

	When a “Rddd” sequence, where “ddd” is a three decimal digits representing a number, is received, set the speed of the first LED to ddd milliseconds (i.e., move after ddd milliseconds).

	When a “Lddd” sequence is received, set the speed of the second LED to ddd milliseconds.

	All other ASCII codes will be ignored.



Derive the program and verify its operation.



12.7.2 Alternative read configuration

An alternative way to retrieve a byte from the receiving FIFO buffer is to use the read signal to remove the byte from the buffer, as discussed in Section 12.3.2. We can modify the HDL code of the wrapping circuit to implement this scheme and revise the rx_byte() method accordingly. Design the new UART core, synthesize the circuit, derive the method, and verify its operation.



12.7.3 UART controller with a parity bit

The UART designed in Section 12.3 is tailored for eight data bits and no parity. Revise the design for seven data bits and one parity bit. The type of parity (i.e., even or odd) is specified by an additional control signal. Develop the new UART core, synthesize the circuit, and verify its operation.



12.7.4 UART core with an error status

Several kinds of errors may occur in UART operation and detected by the UART receiver:


	Parity error. If the parity bit is included, the receiver can check the correctness of the received parity bit.

	Frame error. A UART frame is composed of a start bit, data bits, a parity bit, and a stop bit. The receiver samples the stop bit in the stop state and the value should always be 1. The frame error occurs if it is not the case. The error is usually due to the mismatched UART parameters.

	Buffer overrun error. This happens when the processor does not retrieve the received words in a timely manner. The UART receiver can check FIFO’s full signal when the newly arrived data is ready to be stored (i.e., when the rx_done_tick signal is generated). A data overrun occurs if the full signal is still asserted.



We wish to expand the UART core in Experiment 12.7.3 to detect these errors. The new UART controller should have an additional three-bit output signal in which the bits indicate the existence of the parity error, frame error, and data overrun error. The status signal can constitute an additional field in the read data register of the wrapping circuit and be extracted by a new method. Design the new UART core, synthesize the circuit, derive the methods, and verify the operation.



12.7.5 Configurable UART core

For the UART designed in Experiment 12.7.3 in Section 12.2, only the baud rate can be dynamically configured. Other features are defined with parameters and thus are fixed after synthesis. To make it fully configurable, additional control signals can be incorporated to specify the number of data bits, the number of stop bits, and the type of parity bit:


	d_num: 1-bit input signal specifying the number of data bits, which can be 7 or 8

	s_num: 2-bit input signal specifying the number of stop bits, which can be 1, 1.5, or 2

	par: 2-bit input signal specifying the desired parity scheme, which can be no parity, even parity, or odd parity



The dvsr_reg register in the wrapping circuit will be expanded with additional fields to accommodate the new control signals.

Expand the UART core in Experiment 12.7.4 to include these features, synthesize the circuit, derive the methods, and verify the operation.



12.7.6 UART core with automatic baud rate detection

The most commonly used number of data bits of a serial connection is eight, which corresponds to a byte. When a regular ASCII code is used in communication (as we type in a terminal emulator), only seven LSBs are used and the MSB is 0. If the UART is configured as eight data bits, one stop bit, and no parity, the received frame is in the form of 0_dddd_ddd0_1, in which d is a data bit and can be 0 or 1. Suppose that there is sufficient time between the first word and subsequent transmissions. We can determine the baud rate by measuring the time interval between the first 0 and last 0 of the frame. Based on this observation, we can derive a UART core with an automatic baud rate detection. The new UART core can be designed as follows:


	Design an automatic baud detection circuit that returns the time interval between the first 0 and last 0 of a frame.

	Include this circuit in the top-level diagram of the UART controller as the sixth component.

	Expand the wrapping circuit of the UART core to include a register for this value.

	Add a method to calculate the baud rate and set the divisor value accordingly.

	During the operation, the external system should first send a “synchronization” byte (any ASCII character). The method then can be called to set the baud rate automatically.



Design the new UART core, synthesize the circuit, derive the methods, and verify the operation.



12.7.7 UART core with enhanced automatic baud rate detection

The automatic baud rate detection scheme discussed in Experiment 12.7.6 requires the external system to send an explicit “synchronization” byte in the beginning. The byte is just for the detection purposes and its actual content (i.e., data bits) cannot be retrieved. We can design an enhanced UART core that can recover the data bits of the first frame. With this, the automatic rate detection scheme becomes “transparent.” The external system just needs to send the normal ASCII stream and the baud rate will be detected and set automatically. Expand the previous UART core and driver and repeat Experiment 12.7.6.



12.7.8 UART core with an automatic baud rate and a parity detection circuit

The automatic baud rate detection scheme discussed in Experiment 12.7.7 can be extended to detect the parity setting as well. We assume that the UART is configured with eight data bits and its parity setting can be no parity, even parity, or odd parity. Expand the previous UART core and driver to detect the parity setting and repeat Experiment 12.7.7.







PART III
 EMBEDDED SOC II: BASIC I/O CORES





CHAPTER 13 
XILINX XADC CORE 


An ADC (analog-to-digital convertor) is a circuit that digitizes a continuous analog signal by converting its voltage level to to a discrete digital quantity. Xilinx 7 series FPGA devices contain a macro cell, XADC, which provides basic analog-to-digital conversion functionality. This chapter presents an overview of XADC and illustrates the procedure to integrate it into an FPro system.

13.1 OVERVIEW OF XADC

13.1.1 Block diagram

The conceptual block diagram of an XADC macro cell is shown in Figure 13.1. It consists of five major parts:


	Dual ADCs

	On-chip sensors and alarm

	Analog multiplexers

	Control register and status register

	DRP (dynamic reconfiguration port) interface 




[image: image]

Figure 13.1 Conceptual block diagram of XADC.



The key components are two ADCs. The ADC has a resolution of 12 bits and a sampling rate of 100M SPS (samples per second). It utilizes a differential input structure, in which the voltage difference between two pins (the plus and minus inputs) is used for measurement, and the maximum swing of the input signal is 1.0 V. The input can be configured as unipolar mode, in which the voltage range is between 0.0 V and + 1.0 V, or as bipolar mode, in which the voltage range is between ‒0.5 V and +0.5 V.

Modern FPGA devices impose strict constraints on power supplies. The on-chip sensors measure the die temperature and various supplied voltage levels. These analog readings can be passed to the ADCs and the digitized data can be retrieved by the user or used to set up alarms.

An analog multiplexer selects a specific input signal and connects it to the output. It allows multiple analog input channels to be routed to a single ADC. One useful application is to share a fast ADC with multiple low-data rate channels in a round-robin fashion, which is known as sequencer mode in Xilinx literature. For example, four input channels can be multiplexed though a 100M SPS ADC and the measurement and conversion are performed in turn. Each input channel is sampled at a rate of 25M SPS and the system appears as four 25M SPS ADCs. The XADC can accommodate one dedicated analog channel, 16 auxiliary analog channels, and internal temperature and voltage sensor readings. In sequencer mode, the needed channels and on-chip sensors can be selected. The I/O pins for the unused auxiliary analog channels can be configured as regular digital I/O pins.

The XADC contains 64 16-bit control registers and 64 16-bit status registers. The control registers store the configuration information, such as channel selection. The status registers contain the conversion results (i.e., digitized data) of input channels and on-chip sensors as well as the maximum and minimum values of various internal sensors. The address range of 0x00 to 0x1f is used for the conversion results.

The DRP interface provides an interface to access the internal registers. Its basic specification is similar to the MicroBlaze MCS I/O bus discussed in Section 11.6.2.

In addition to these parts, the XADC also provides a collection of status signals (not related to status registers) that indicate the analog channel used in conversion and the completion of conversion.

13.1.2 Configuration

The XADC is versatile and flexible and many aspects can be configured. The configuration information is stored in its control registers. The “power-on” configuration can be specified via the registers’ initial values, which are embedded in the bitstream and loaded into the control registers when an FPGA device is programmed. If desired, a write interface circuit can be included and the XADC can be reconfigured in real time by writing new values into the control registers.

13.2 XADC CORE DEVELOPMENT

The Nexys 4 DDR board utilizes four analog channels (channels 2, 3, 10, and 11) and connects them to a PMOD labeled JXADC. We develop an FPro XADC core that appears as four independent ADCs that sample four analog channels continuously. In addition, the core provides the readings of the die temperature and core voltage. The core development involves creating a properly configured XADC instance and designing a wrapping circuit to retrieve the readings.

13.2.1 XADC instantiation

To accommodate the FPro XADC core, an XADC instance should be configured as follows:


	Set the channel selection and operation to sequencer mode to multiplex multiple channels and on-chip sensors.

	Set sequencer operation to continuous mode to perform conversion continuously (i.e., not “one-time” operation).

	Set timing to continuous to automatically trigger the conversion (i.e., not based on “events”).

	Select the on-chip die temperature and core voltage sensors and analog channels 2, 3, 10, and 11 for conversion.

	Select unipolar mode for the input range of 0.0 V to 1.0 V. 



The instance can be created and configured by Xilinx’s XADC Wizard, which is illustrated in Appendix A.4.

The resulting HDL file, xadc_fpro.v, can also be downloaded from the book’s companion website. The module declaration of the configured XADC instance is
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Note that the module declaration is in the Verilog-95 format. The signals are for the DRP interface, four auxiliary analog input channels, and the XADC conversion status.

The dedicated analog input channel, vp_in and vn_in, and the alarm output, alarm_out, are not used in our design.

13.2.2 Basic wrapping circuit design

The instantiated XADC is configured to run automatically. It measures and converts the two on-chip sensor readings and four analog channels in turn and stores the most recently converted results in the corresponding status registers. The main functionality of the wrapping circuit is to read the designated status register via the DRP interface.

The basic specification of the DRP interface is similar to the MicroBlaze MCS I/O bus discussed in Section 11.6.2. The read operation performs as follows:


	The external control circuit places the register address on daddr_in.

	The external control circuit sets the register enable signal, den_in, to 1 and sets the write enable signal, dwe_in, to 0 (i.e., not write).

	The XADC retrieves data from the designated register.

	When the operation is completed, the XADC places data on do_out and asserts drdy_out to signal that the data is ready. 



The DRP read operation may take multiple clock cycles and drdy_out functions as an acknowledgment. This is not compatible with the FPro bus specification, in which read is completed in one clock cycle.

One way to design the wrapping circuit is to access the DRP interface directly. The circuit will include a flag register associated with drdy_out and the software driver polls the register to check the validity of the read data. This approach is left as an exercise in Section 13.7.5.

To simplify the interface and driver, we use an alternative wrapping circuit. The design contains a collection of external registers to maintain the digitized readings and uses the XADC status signals to refresh their contents. The block diagram is shown in Figure 13.2. The operation is performed in two phases. In the first phase, the XADC completion status signal activates a read operation to retrieve the newly converted data. In the second phase, the DRP’s ready signal enables and stores the data into the designated external register.
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Figure 13.2 Block diagram of the XADC core wrapping circuit.



When a conversion is completed, the XADC core stores the result in the corresponding status register. At the same time, it places the channel number, which is the same as the five LSBs of the status register’s address, on channel_out, and asserts the eoc_out (for “end of conversion”) signal for one clock cycle. We use eoc_out signal as the DRP enable signal and the extended channel number as the DRP address to initiate a read operation, which retrieves the newly converted data.

When DRP completes the read operation, it places data on do_out and asserts the ready signal, drdy_out, for one clock cycle. The drdy_out signal in conjunction with the channel number enable and store the newly converted data into the designated external register.

In summary, the wrapping circuit appears as six registers that maintain the current readings of two on-chip sensors and four analog inputs. The data is continuously and automatically updated. A read multiplexing circuit routes the selected reading to output.

13.2.3 Register map

From the processor’s point of view, the XADC FPro core is a collection of six registers that supplies the ADC readings. We arrange the register address offsets as follows:


	offset 0 to 3: analog inputs 0 to 3, which correspond to XADC’s auxiliary analog input channels 3, 10, 2, and 11, respectively

	offset 4: on-chip die temperature reading

	offset 5: on-chip internal core voltage reading 



All registers are 16 bits wide and the 12 MSBs are the ADC readings.

13.2.4 HDL code

The HDL code of XADC core follows the diagram in Figure 13.2 and is shown in Listing 13.1.



Listing 13.1 XADC core
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Note that XADC has 128 registers with an address range between 0x00 and 0x7f and the ADC readings are assigned to registers 0x00 to 0x1f. The 16 auxiliary analog input channel readings are stored in 0x10 to 0x1f, and the die temperature and core voltage readings are stored in 0x00 and 0x01, respectively.

The strange mapping between the XADC’s original auxiliary channel numbers (with prefixes of vauxn and vauxp) and FPro core’s “logical channel numbers” (with prefixes of adc_n and adc_p) is due to the layout of the Nexys 4 DDR board. The physical pin arrangement of the JXADC PMOD port and the naming conventions are shown in Figure 13.3.
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Figure 13.3 Analog input pin arrangement of Nexys 4 DDR JXADC PMOD port.



13.3 XADC CORE DEVICE DRIVER

The driver routines retrieve the six ADC measurements, including the die temperature and core voltage of the FPGA device and the voltages of the four external channels.

13.3.1 Class definition

The class definition of the XADC core is shown in Listing 13.2.



Listing 13.2 XadcCore class definition (in xadc_core.h)
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The first enum definition uses symbolic names for the register offsets of the first analog input channel, the on-chip die temperature, and the core voltage register.

13.3.2 Class implementation

The class implementation of the constructor and the methods is shown in Listing 13.3.



Listing 13.3 XadcCore class implementation (in xadc_core.cpp)
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The XadcCore() constructor saves the base address and the other methods retrieve and process the ADC readings. The read_raw() method retrieves and returns the 16-bit raw data, in which the 12 MSBs are the ADC reading with a range between 0x000 and 0xfff. For an analog channel, the range corresponds to 0.0 V and 1.0 V. The read_adc_in() method converts the 12-bit unsigned representation to the voltage. The on-chip voltage reading is scaled to one third of the actual value. The read_fpga_vcc() method performs the adjustment and returns the actual voltage. The relationship between the die temperature and the voltage reading is


temperature(°C)= voltage * 503.975 ‒ 273.15



The read_fpga_temp() method calculates and returns the temperature.

13.3.3 Testing for the XADC core

To test an analog input channel, a variable analog input voltage source with a range of 0.0 V to 1.0 V is needed. A simple way to achieve this is to use PMOD port’s 3.3 V supply (labeled as VCC with pins 6 and 12) and a voltage divider. The diagram is shown in Figure 13.4. The voltage divider is composed of a 22K Ω resistor and a 10K Ω potentiometer. The minimum and maximum voltage levels crossing the potentiometer are 0.00 V [image: image] and 1.03 V [image: image], which provide the desired range. The potentiometer can be considered as a device providing another form of input that provides increment adjustment over about 4000 values.
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Figure 13.4 Voltage divider for an analog input.



A simple test function is used to verify the operation of the XADC core, as in Listing 13.4. It retrieves the six readings and displays the values on the UART console. The measurements are repeated five times.



Listing 13.4 XADC test function (in main_sampler_test.cpp)
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13.4 SAMPLER FPRO SYSTEM

After a core is developed, it needs to be integrated into an FPro system and tested. Four MMIO cores are introduced in Part II and nine more cores are developed in this and subsequent chapters. It is tedious to construct a new FPro system for each core. We create a system that incorporates all these cores and call it a sampler FPro system. The general testing procedure and the sampler system are discussed in the following subsections.

13.4.1 Testing procedure of an FPro core

Following is the general procedure to verify the operation of an FPro MMIO core:


	Assign a new slot number for the core instance. Record the number as a symbolic constant in both chu_io_map.h and chu_io_map.svh header files, as discussed in Section 10.4.1.

	Attach the core to the designated slot of the MMIO controller and create a new MMIO subsystem, similar to the one in Section 11.5.3.

	Construct a new top-level FPro system that incorporates the MMIO subsystems, similar to the one in Section 11.7, and perform synthesis and placement and routing.

	Derive the device driver for the core, as discussed in Section 10.6.

	Develop a software verification program and obtain the .elf file, as discussed in Section 13.4.4.

	Regenerate the bit file, program the FPGA device, and verify the core’s physical operation.



13.4.2 System configuration

The sampler FPro system contains 13 cores developed in Parts I and II of the book. The slot assignments and the corresponding symbolic names are shown in Table 13.1. The names are used in the chu_io_map.svh and chu_io_map.h header files. The first four slots are for the four basic cores, identical to the vanilla FPro system in Section 11.7. Slot 4 is reserved to facilitate new core prototyping. A new user-defined core can be inserted into this slot without affecting the sampler configuration. Slots 5 to 13 are used for the nine cores developed in Part III.



Table 13.1 Slot assignment




	Slot 
	Symbolic name 
	Description 



	0 
	S0_SYS_TIMER
	system timer core 



	1 
	S1_UART1
	UART core #1 



	2 
	S2_LED 
	GPO core for discrete LEDs 



	3 
	S3_SW 
	GPI core for discrete switches 



	4 
	S4_USER 
	user prototyping core 



	5 
	S5_XADC 
	Xilinx ADC core 



	6 
	S6_PWM 
	pulse width modulation core 



	7 
	S7_BTN 
	debouncing core for buttons 



	8 
	S8_SSEG 
	LED multiplexing core for seven-segment LED display 



	9 
	S9_SPI 
	SPI core 



	10 
	S10_I2C 
	I2C core 



	11 
	S11_PS2 
	PS2 core for keyboard or mouse 



	12 
	S12_DDFS 
	direct digital frequency synthesis core 



	13 
	S13_ADSR 
	ADSR envelope generator core 





13.4.3 Hardware derivation

The code of the sampler MMIO subsystem is shown in Listing 13.5. The MMIO cores are instantiated based on the slot assignment in Table 13.1.



Listing 13.5 Sampler MMIO subsystem
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The sampler FPro system can be created with the expanded MMIO subsystem. Its construction is similar to that of the vanilla FPro system discussed in Section 11.7. The HDL code is shown in Listing 13.6.



Listing 13.6 Sampler FPro subsystem
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13.4.4 Software verification program

The test program for the sampler FPro system is shown in Listing 13.7. It expands the test program of the vanilla FPro system discussed in Section 10.8.4 for the additional cores. In addition to the testing functions, the main program also includes an auxiliary function, show_test_id(), which flashes the binary pattern in discrete LEDs for a few seconds to indicate the number of the current test. The bodies of these test functions can be found in the respective chapters.



Listing 13.7 Sampler FPro test program (in main_sampler_test.cpp)
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13.5 ADDITIONAL PROJECT IDEAS

An ADC component allows the FPGA device to read analog input and to access a variety of sensors. One type of sensors outputs continuous voltage levels. Following are a few examples:


	Analog temperature sensor (such as TMP36): It outputs an analog voltage proportional to the ambient temperature

	IR (infrared) analog distance sensor (such as Sharp GY2Y0A series): It bounces an IR signal to an object and produces a voltage based on the distance of an object.

	Amplified microphone: It converts the ambient sound into electrical signal whose level is based on the amplitude (loudness) of the sound.



Another type of device has variable resistance and its value can be measured by a simple voltage divider circuit similar to that in Figure 13.4. The simplest device is the potentiometer discussed in Section 13.3.3. An interesting variation is a two-axis joystick. It is constructed with two independent potentiometers (one per axis), whose resistances vary according to the position of the “stick.”

There are a larger number of “resistive sensors.” They function as a variable resistor and their resistance changes according to certain physical stimuli. Following are some example devices and their stimuli:


	Photo resistor: light

	Force-sensitive resistor: physical pressure or weight

	Membrane potentiometer (“SoftPot”): touch position

	Flex sensor: bending in one direction

	Epoxy thermistor: temperature

	eTape liquid level sensor: liquid level



13.6 BIBLIOGRAPHIC NOTES

Xilinx includes the XADC macro cell in many FPGA device families. Its 7 Series FPGAs and Zynq-7000 All Programmable SoC XADC Dual 12-Bit 1 MSPS Analog-to-Digital Converter User Guide contains detailed information.

There is a wide variety of sensors available. A processor usually accesses sensors via an ADC or a serial SPI or an I2C interface (to be discussed in Chapters 16 and 17). Sensors: A Hands-On Primer for Monitoring the Real World with Arduino and Raspberry Pi by Tero Karvinen et al. provides a broad introduction of sensors. The projects and ideas in the book can be applied to the FPro system as well.

13.7 SUGGESTED EXPERIMENTS

13.7.1 Real-time voltage display

A LED-mux core developed in Chapter 15 controls the eight-digit seven-segment LED display on the Nexys 4 DDR board. We can use it to display the real-time voltage and the temperature reading of the FPGA device. Derive the program and verify its operation.

13.7.2 Potentiometer-controlled chasing LEDs

Consider the chasing LEDs circuit in Experiment 10.10.2. Instead of sliding switches, we can use a potentiometer and an XADC in Section 13.3.3 to control the chasing speed. Derive the program and verify its operation.

13.7.3 Potentiometer-controlled LED dimmer

The PWM (pulse width modulation) core in Chapter 14 can vary the power delivered to an LED. Use a potentiometer and an XADC to control the brightness of the LED. Derive the program and verify its operation.

13.7.4 Enhanced wrapping circuit: part I

The wrapping circuit in Section 13.2.2 is based on a fixed configuration. We want to dynamically configure the following:


	The channels in the sequencer

	The input mode, which can be either bipolar or unipoloar mode



Design a write interface circuit, incorporate it into the wrapping circuit, and verify its operation.

13.7.5 Enhanced wrapping circuit: part II

Instead of accessing XADC’s registers in an ad hoc way, we can develop a wrapping circuit for the DRP interface. Note that DRP has a seven-bit address space, which is wider than the FPro slot’s five-bit address. For simplicity, the wrapping circuit only reads XADC’s external analog input channels (with an address between 0x10 to 0x1f) and only writes XADC’s configuration register (with an address between 0x40 to 0x4f). Design the new wrapping circuit, derive the new driver routines, and verify its operation.





CHAPTER 14 
PULSE WIDTH MODULATION CORE

PWM (pulse-width modulation) is a scheme to encode analog signal levels with “digital pulses.” It is frequently used to control the power supplied to a device, such as a motor or light. In this chapter, we develop an MMIO core to generate multiple PWM channels.

14.1 INTRODUCTION

14.1.1 PWM as analog output

A rectangle wave oscillates between zero and one. The duty cycle is the proportion of the “on (logic 1) interval” within a period. Consider a periodic rectangle wave with a period of tPW M and an on interval of tON, as shown in Figure 14.1(a). The duty cycle is defined as


[image: ]
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Figure 14.1 Definition and examples of duty cycle.



The waveforms of different duty cycles are illustrated in Figure 14.1(b).

The PWM is a scheme to adjust the duty cycle of a wave. The PWM signal can be considered as a specific form of analog signal. Let the voltages of logic 0 and logic 1 be 0 and V cc and the duty cycle be d. The average voltage level is d * V cc (i.e., d * V cc + (1 − d) * 0). Thus, while the instantaneous output voltage values are “digital” (i.e., either 0 or V cc), the average voltage is “analog” and can be incremented gradually from 0 to V cc. The PWM scheme can be thought of as a special digital-to-analog conversion method that embeds the analog value in its duty cycle.

A main application of PWM is to control the power supplied to a device since the power delivery concerns less about the instantaneous value. If a PWM signal switches fast enough, the delivered power perceived by the load appears to be smooth and proportional to the duty cycle.

14.1.2 Main characteristics

The two important characteristics of PWM are the switching frequency and resolution. The switching frequency is the frequency of the rectangle wave, which is [image: ] in Figure 14.1. The exact switching frequency depends on the nature of the application. For example, we can use PWM to control the brightness of an LED. If the switching frequency is too low (e.g., 10 Hz), the LED may appear to be flickering. On the other hand, if the switching frequency is too high (e.g., 1M Hz), the LED may not have enough time to completely turn on or off. It is about a few KHz to tens of KHz for a motor drive and into the tens or hundreds of KHz in audio amplifiers and power supplies.

The resolution describes the “granularity” (i.e., the minimum incremental step) of the duty cycle. It is specified in terms of number of bits. For a resolution of R bits, there are 2R levels in the duty cycle and the minimum incremental step is [image: ]. For example, the granularity of an 8-bit PWM is [image: ] (i.e., [image: ]) and its duty cycles are [image: ].

14.2 PWM DESIGN

14.2.1 Basic design

The basic PWM circuit consists of a binary counter and a comparator, as shown in Figure 14.2. The desired duty cycle input, duty, sets the threshold for the comparator and the comparator’s output is asserted when the counter’s value is below the threshold. For example, assume that the resolution of the PWM is eight bits. The counter counts from 0 to 255 and wraps around. If the value of the duty signal is d, the comparator’s output is asserted when the counter’s value is 0, 1, 2, …, d – 1. Thus, d out of 256 clock cycles is asserted, and the duty cycle is [image: ]. A D FF is added to the comparator’s output to filter out potential glitches.


[image: ]

Figure 14.2 Block diagram of a basic PWM circuit.



The HDL code of the basic PWM circuit follows the diagram in Figure 14.2 and is shown in Listing 14.1.



Listing 14.1 Basic PWM circuit


[image: ]

A parameter, R, represents the number of bits in a counter and thus defines the resolution of the PWM.

14.2.2 Enhanced design

The basic PWM circuit suffers two problems. First, it cannot control the PWM switching frequency. Let the system clock rate be fsys and PWM resolution be R bits. There are 2R clock cycles in one PWM period (tPWM in Figure 14.1).

Thus, the switching frequency of the PWM wave becomes:


[image: ]

For a PWM with a 100M-Hz system clock and 8-bit resolution, fpwm is about 390K Hz, which is too high for many applications. We can use a prescaler counter, similar to the tick-generation scheme discussed in Section 4.5.2, to produce a one-clock tick to drive the duty counter. If the desired PWM frequency is fp, the divisor value should satisfy


[image: ]

Thus, the divisor value should be


[image: ]

The second problem is the 100% duty cycle. Consider an eight-bit PWM in which the value of the duty signal is d. The comparator’s output is asserted when the counter’s value is 0, 1, 2, …, d–1 and thus its duty cycle is [image: ]. However, since the duty signal is eight bits wide and the maximum value is 255, the maximum duty cycle that can be achieved is [image: ] , which is not 100% (i.e., [image: ]). Closer examination shows that d contains 257 values (i.e., 0, 1, 2, …, 254, 255, 256). The duty signal should be extended by one extra bit to accommodate the additional value; i.e., the input range should be extended from [0x00, 0xff] to [0x000, 0x100].

The enhanced PWM design incorporates the prescaler counter and the extended comparison circuit and thus extends the width of the duty port. Its HDL code is shown in Listing 14.2. To achieve flexibility, the prescaler value is specified by an external signal, dvsr.



Listing 14.2 Enhanced PWM circuit


[image: ]
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14.3 PWM CORE DEVELOPMENT

The GPO core discussed in Section 11.3.3 generates multiple outputs. Each output assumes a value of logic 0 (i.e., 0 V) or logic 1 (i.e., Vcc) and thus is “digital” in nature. The PWM circuit generates a signal with an adjustable duty cycle, which can be treated as a one-bit “analog” output. A PWM core contains multiple PWM circuits and can be considered as a core that generates multiple “analog” outputs. For simplicity, we assume that the PWM outputs are used to drive similar devices (e.g., LEDs) and thus the same switching frequency is applied to all PWM circuits in the core.

14.3.1 Register map

The processor interacts with the PWM circuits as follows:


	specify (i.e., write) the switching frequency via the dvsr signal.

	set (i.e., write) the value of the duty cycle for each output.



The register map of the PWM core is somewhat different from other cores. Because setting the duty cycle requires multiple bits (i.e., the resolution of the PWM circuit), each PWM output needs a register. Thus, the number of registers in the core is not fixed but depends on the number of PWM outputs.

Suppose that a PWM core has w + 1 outputs. The address offsets and fields of the registers are


	offset 0x00 (divisor register)

	– bits 31 to 0: divisor value of the prescaler counter




	offset 0x10 (duty cycle register for PWM bit 0)

	– bits R to 0: duty cycle value (where R is resolution of the PWM circuit)




	offset 0x11 (duty cycle register for PWM bit 1)

	– bits R to 0: duty cycle value




	offset 0x12 (duty cycle register for PWM bit 2)

	– bits R to 0: duty cycle value
…




	offset 0x1w (duty cycle register for PWM bit w)

	– bits R to 0: duty cycle value






Clearly, the maximum number of PWM outputs is 16.

14.3.2 Wrapped PWM circuit

To comply to the slot specification, we can construct a wrapping circuit that contains registers and a decoding circuit to store the divisor and duty cycle values. The HDL code of the PWM core is shown in Listing 14.3.



Listing 14.3 PWM core


[image: ]
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The code is composed of two major parts. The first part is the wrapping circuit. It contains a decoding circuit, a register for the divisor, and a two-dimensional register file for the duty cycles. The size of the register file is specified by the W parameter and thus can be adjusted to accommodate the desired number of duty cycle registers.

The second part is the multiple-bit PWM circuit. The code is similar to that in Listing 14.2 except that multiple comparison circuits are inferred from the generate statement. Note that the prescaler counter and duty counter are shared by all PWM bits.

14.4 PWM DRIVER

The PWM driver consists of a set of routines that sets the PWM switching frequency and the duty cycle of each PWM channel. Since the PWM signal is considered a form of “analog” output, the class definition and implementation are included in the gpio_core.h and gpio_core.cpp files.

14.4.1 Class definition

The class definition of the PWM core is shown in Listing 14.4.


Listing 14.4 PwmCore class definition (in gpio_core.h)


[image: ]

The enum definition uses symbolic names for the divisor register offsets and the base offset of the duty cycle registers. The second enum definition specifies the PWM resolution, which is defined in HDL code when the PWM core is instantiated, and the maximum duty cycle value, which is 2RESOLUTION_BITS. The PWM resolution is set to 10 bits in our instantiated core.

14.4.2 Class implementation

The class implementation of the constructor and methods is shown in Listing 14.5.



Listing 14.5 PwmCore class implementation (in gpio_core.cpp)


[image: ]
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The PwmCore() constructor saves the base address and sets the default PWM switching frequency to 1000 Hz. The set_freq() method calculates the divisor value from the desired switching frequency and writes the value to the divisor register. The set_duty() methods write the duty cycle value to the designated register. The methods are overloaded. The duty cycle can be expressed as an integer (as with the duty parameter) with a range between 0 and MAX, and the raw data will be used directly. Alternatively, the duty cycle can be expressed as a real number integer (as with the f parameter) with a range between 0.0 and 1.0, representing the 0 and 100% duty cycle. The latter method converts a real number to an integer and writes the integer to the designated register. This method is preferred since the duty cycle value is independent of the resolution.

14.5 TESTING

The sampler FPro system instantiates an eight-bit PWM core instance. Six output channels are used to drive two tricolor LEDs on the Nexys 4 DDR board and two channels are connected to the two pins of a PMOD port JA.

The testing routine demonstrates the basic PWM operation by gradually increasing the brightness of tricolor LEDs by incrementing the values of the duty cycle. The code is shown in Listing 14.6.



Listing 14.6 PWM test function (in main_sampler_test.cpp)


[image: ]

14.6 PROJECT IDEAS

Servo motors (or simply servos) are DC motors equipped with a feedback mechanism to control the angular position. A common range of rotation is 180° (from –90° to +90°). The servo motors are used for precision positioning, such as sensor scanners and robotic arms and legs. A picture of a servo motor is shown in Figure 14.3. Servo motors have three wires, which are power, ground, and “signal.” The angle of rotation is controlled by sending pulses of variable “on” duration through the “signal” wire. For a typical servo motor, the period of the pulse is 20 ms (milliseconds) and the “on” duration is between 1.0 ms and 2.0 ms, corresponding to the rotation angle from –90° to +90°. The timing diagram of different angles is shown in Figure 14.4.


[image: ]

Figure 14.3 Servo motor.




[image: ]

Figure 14.4 Servo motor timing diagram.



A PWM pulse can be used to control a servo motor by setting its switching frequency to 50 Hz (i.e., a period of 20 ms). The “on” duration corresponds to a duty cycle between 5% (i.e., ) and 10% (i.e., ). For a 10-bit PWM, there are about 50 steps within the 1-ms duration (i.e., 210 * ), which corresponds to a minimum angle increment of 3.6° (i.e., ). Finer angle increment can be obtained with a better PWM resolution.

Since the PWM core can be easily configured to obtain the desired PWM channels and resolution, it can support robot projects that involve a large number of servo motors, such as a robotic arm or a multi-leg spider-like robot.

While most FPGA prototyping boards provide some voltage sources, they should not be used to drive motors. First, a motor can draw a significant amount of current, which may exceed the board’s capability. Second, a motor is an inductive load. When it is turned on or changes direction, the sudden change of current may lead to a large transient voltage surge that can affect the power supply. It is recommended to use a separate power supply for the motors.

14.7 SUGGESTED EXPERIMENTS

14.7.1 Police dash light

A police car dash light flashes various red and blue patterns. Search on line to find a few patterns and use the two tricolor LEDs to emulate these patterns. Derive the program and verify its operation.

14.7.2 Rainbow night light

A rainbow-like spectrum is shown in Figure 14.5 (if needed, the color diagram can be downloaded from the companion website). The spectrum can be generated by varying the intensity of the red, green, and blue inputs of the tricolor LEDs. A rainbow light uses the potentiometer and XADC core (discussed in Section 13.3.3) as the input to specify the desired color on a tricolor LED. Derive the program and verify its operation.


[image: ]

Figure 14.5 “Rainbow” spectrum.



14.7.3 Enhanced PWM core: part I

The resolution of the PWM core designed in Section 14.3 is determined by the parameter R and thus is fixed after synthesis. To have more flexibility, we want to make the number of resolution bits dynamically configurable. Design the new PWM core, revise the driver as needed, and verify its operation.

14.7.4 Enhanced PWM core: part II

The PWM core designed in Section 14.3 can accommodate multiple channels. We want to have more control and independently specify the switching frequency for each channel. Design the new PWM core, revise the driver as needed, and verify its operation.

14.7.5 Enhanced GPIO core

A bidirectional GPIO core is defined in Experiment 11.9.3. We want to enhance the core by using PWM for its output; i.e., instead of “digital output” with two discrete levels, the core can generate a PWM output pulse with different power levels. Repeat Experiment 11.9.3 with the enhanced output potion.

14.7.6 Servo motor driver

Derive the driver routines for the servo motor discussed in Section 14.6. Write a testing program and verify its operation.





CHAPTER 15 
DEBOUNCING CORE AND LED-MUX CORE 


We develop a debouncing circuit in Chapter 5 and an LED multiplexing circuit in Chapter 4. In this chapter, we demonstrate how to convert them into MMIO cores and incorporate them into an FPro system.

15.1 DEBOUNCING CORE

A debouncing circuit filters out the transient contact bounces from a mechanical switch. A debouncing core is like a general-purpose input core but with “cleaned” input transitions.

15.1.1 Multi-bit debouncing circuit

A debouncing circuit is introduced in Section 5.3.2 and revisited in Section 6.2.1. The former uses a separate timer with an FSM and the latter integrates the counting functionality into an FSMD. To facilitate the core development, the circuit must be expanded to support multiple input bits. A simple way to achieve this is to replicate the original one-bit circuit multiple times with a generate statement. However, this approach is not very efficient. When the circuit is synthesized, the timer, which counts for the 10-ms interval, infers a large incrementor. Replicating it multiple times is a waste of hardware resources.

For the FSM design discussed in Section 5.3.2, a timer is separated from the FSM circuit and thus can be shared as needed. A multi-bit debouncing circuit thus only needs to replicate the FSM. To facilitate the development, the original code in Listing 5.6 is split into an FSM module and a timer module, as shown in Listings 15.1 and 15.2.



Listing 15.1 Debouncing FSM


[image: image]
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Listing 15.2 Debouncing timer


[image: image]

15.1.2 Register map and the slot wrapping circuit

The debouncing core is like a general-purpose input core that filters the unwanted transient bounces. To make it more versatile, the core provides both untreated and debounced input signals. The register map can be defined accordingly. There are two read registers. Their address offsets and fields are


	offset 0 (raw input data register)

	– bits W-1 to 0: W-bit untreated inputs, where W is the SystemVerilog parameter value used in core instantiation 




	offset 1 (debounced input data register) 

	– bits W-1 to 0: W-bit debounced inputs 







Based on the register map, we can derive a wrapping circuit that complies with the slot specification and create the debouncing core. The HDL code of the core is shown in Listing 15.3. It consists of an input data register for untreated inputs, an instance of a timer, and multiple instances of the debouncing FSMs, and a read multiplexing circuit. The multiple FSMs are obtained by a generate statement and they share the same timer.



Listing 15.3 Debouncing core


[image: image]

15.1.3 Driver

The debouncing core driver contains methods to read the untreated input and the debounced input. The class definition and implementation are shown in Listings 15.4 and 15.5. Since a debounced input is a specific form of input, the class definition and implementation are included in the gpio_core.h and gpio_core.cpp files.



Listing 15.4 DebounceCore class definition (in gpio_core.h)


[image: image]



Listing 15.5 DebounceCore class implementation (in gpio_core.cpp)


[image: image]

15.1.4 Test

The sampler FPro system instantiates a five-bit debouncing core instance and connects the inputs to the five push buttons on the Nexys 4 DDR board.

The testing routine counts the transitions on five buttons using both untreated input and debounced inputs and shows the results on the discrete LEDs. The code is shown in Listing 15.6. The number of bounces depends on the individual switch. Some may exhibit very few bounces.



Listing 15.6 Debouncing test function (in main_sampler_test.cpp)


[image: image]

15.2 LED-MUX CORE

An LED multiplexing circuit performs time-multiplexing to reduce the number of I/O pins. A multiplexing circuit for a four-digit seven-segment LED display is introduced in Section 4.5.1. We expand the circuit to accommodate the eight-digit seven-segment LED display of the Nexys 4 DDR board and convert it into an MMIO core for the FPro system. The core can still control a four-digit LED display. However, the data written to the four most significant digits are ignored.

15.2.1 Eight-digit seven-segment LED display multiplexing circuit

The code for the expanded eight-digit multiplexing circuit is shown in Listing 15.7. The design utilizes the three MSBs of the counter to perform eight-to-one multiplexing and to generate the active-low enable signal.



Listing 15.7 Eight-digit seven-segment display multiplexing circuit


[image: image]

15.2.2 Register map and the slot wrapping circuit

The eight-digit multiplexing circuit contains eight 8-bit input ports, each representing a seven-segment LED pattern plus the decimal point. We pack them into two 32-bit words. The LED-mux core’s register map can be defined accordingly. There are two write registers. Their address offsets and fields are


	offset 0 (output data register for the lower four digits of the seven-segment LED display)

	– bits 7 to 0: LED digit 0 (rightmost digit on Nexys 4 DDR board)

	– bits 15 to 8: LED digit 1

	– bits 23 to 16: LED digit 2

	– bits 31 to 24: LED digit 3




	offset 1 (output data register for the upper four digits of the seven-segment LED display)

	– bits 7 to 0: LED digit 4

	– bits 15 to 8: LED digit 5

	– bits 23 to 16: LED digit 6

	– bits 31 to 24: LED digit 7





Based on the register map, we can derive a wrapping circuit that complies with the slot specification and create the debouncing core. The HDL code of the core is shown in Listing 15.8. It consists of two output data registers to store the eight patterns and a write decoding circuit.



Listing 15.8 LED-mux core
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[image: image]

15.2.3 Driver

The LED-mux core driver contains methods to write the desired patterns on the eight-digit seven-segment LED display. The class definition is shown in Listing 15.9.



Listing 15.9 SsegCore class definition (in sseg_core.h)
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A single-digit seven-segment LED display is repeated in Figure 15.1(a). To facilitate the processing, we store the LED patterns in two private variables. The ptn_buf[8] variable is an eight-element array that stores eight seven-segment LED patterns. An element is eight bits wide and is defined as 0g f edcba, where g, f, e, d, c, b, and a are the segments. The display on the Nexys 4 DDR board is configured as active low and thus an LED segment is turned on when the corresponding value is 0. The dp variable stores the eight decimal points. A decimal point is turned on if the corresponding bit in dp is 0. The private write_led() method combines and packs the data from the two variables into two 32-bit words and writes the two words to the LED-mux core.


[image: image]

Figure 15.1 Seven-segment LED display and hexadecimal patterns.



The write_1ptn() method sets a pattern for one specific digit of the display, the write_8ptn() method sets all eight digits, and the set_dp() method specifies the decimal points. The h2s() method converts a hexadecimal digit into a seven-segment pattern defined in Figure 15.1(b).

The class implementation is shown in Listings 15.10.



Listing 15.10 SsegCore class implementation (in sseg_core.cpp)
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The constructor stores the base address and shows a “HI” pattern on the LED display. The write_1ptn(), write_8ptn(), and set_dp() methods first update the corresponding private variables and then call write_led() to download the patterns to the core for display. The h2s() method uses a 16-element lookup table to store the seven-segment patterns to do the conversion. The write_led() method packs four 8-bit patterns into a word and then incorporates the decimal points into the word. It then writes the 32-bit word to a register. The operation is repeated twice for eight digits.

15.2.4 Test

The sampler FPro system instantiates an LED-mux core instance and connects the output to the eight-digit seven-segment LED display on the Nexys 4 DDR board.

The testing routine rotates the 16 hexadecimal digits through the display and also verifies the operation of the decimal points. The code is shown in Listing 15.11.



Listing 15.11 Seven-segment test function (in main_sampler_test.cpp)
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15.3 PROJECT IDEAS

An LED matrix is a device that arranges a collection of discrete LEDs in a square or rectangular grid. An 8-by-8 matrix is shown in Figure 15.2. The schematic of the 8-by-8 matrix is shown in Figure 15.3(a). The LED grid is controlled by eight row signals (r7, r6, ..., r0) and eight column signals (c7, c6, ..., c0). A specific LED can be turned on by creating a forward bias between the corresponding row and column signals, as demonstrated in Figure 15.3(b).


[image: image]

Figure 15.2 An 8-by-8 LED matrix.




[image: image]

Figure 15.3 LED matrix diagram.



Although the appearances of the eight-digit seven-segment LED display and the 8-by-8 LED matrix are very different, their schematics are similar. Instead of arranging LEDs as segment bars and the decimal point, the LED matrix places eight discrete LEDs in a single column. Thus, the LED-mux core can be used to control the LED matrix as well. The column signals in Figure 15.3(a) function as the eight-bit an signal and are active low. The row signals function as sseg and specify the vertical patterns (except that they are active high). For example, in Figure 15.3(b), the column c5 is enabled and a vertical pattern of “01100111” is shown. As in the eight-digit seven-segment LED display, the LED-mux core performs time multiplexing to show the eight vertical patterns. The LED-mux core can be easily modified to accommodate different dimensions and polarity requirements.

Since turning on eight vertical LEDs at the same time draws a large current, the column signals cannot be driven by FPGA’s I/O pins directly. Transistor amplifiers are needed. Some ICs, such as ULN2803, contain multiple Darlington drivers and can be used for this purpose.

15.4 SUGGESTED EXPERIMENTS

15.4.1 Area comparison of two debouncing circuits

The debouncing core designed in Section 15.1.1 uses a shared timer. An alternative is to replicate the one-bit FSMD-based design of Section 6.2.1 multiple times. Derive the core, instantiate an eight-bit instance of the two design approaches, and compare the number of logic cells (which reflect the circuit area) of the two approaches.

15.4.2 Enhanced debouncing core: part I

The debouncing core designed in Section 15.1.1 uses a 10-ms timer tick to obtain the needed 20-ms “settling time.” Since the timer runs independently, the actual settling time is between 20 ms and 30 ms. We can improve the resolution by using a 1-ms timer tick, which leads to a settling time between 20 ms and 21 ms. Design the new debouncing core and verify its operation.

15.4.3 Enhanced debouncing core: part II

The debouncing circuit can generate a “delayed response” or an “early response,” as shown in Figure 5.8. We want to enhance the debouncing core to accommodate both modes of responses and include a control signal to set the mode. Design the new debouncing core, expand the driver to include a method to select the mode, and verify its operation.

15.4.4 Rotating square pattern revisited

Generate the rotating square pattern in Experiment 4.8.3 with the LED-mux core. Derive the program and verify its operation.

15.4.5 Heartbeat pattern revisited

Generate the heartbeat pattern in Experiment 4.8.4 with the LED-mux core. Derive the program and verify its operation.

15.4.6 Stopwatch

We want to design a stopwatch with the following features:


	Show the time in mm.ss.tt format in the seven-segment LED display, where mm is minutes, ss is seconds, and tt is 0.01 seconds.

	A “clear” button clears the count to 00.00.00 when it is pressed.

	A “go” button pauses and resumes counting alternatively each time it is



pressed. The stopwatch can be implemented by the debouncing and LED-mux cores. Derive the program and verify its operation.

15.4.7 Enhanced LED-mux core

We can incorporate PWM capability into the LED-mux core to control the brightness of the LED display. Design the new core, expand the driver to include a method to control the brightness, and verify its operation.





CHAPTER 16 
SPI CORE


The SPI (serial peripheral interface) standard is a serial data transfer protocol originally developed by Motorola. The SPI bus is composed of three lines, including two lines for transmitting and receiving serial data and one line for a “clock” signal. One master device and multiple slave devices can be attached to the bus. The master generates the clock signal and initiates the data transfer. The SPI standard is widely used in embedded systems to connect peripheral modules. In this chapter, we develop an SPI core and driver and demonstrate its operation by retrieving acceleration reading via the SPI interface of the ADXL362 device.


16.1 OVERVIEW

The SPI standard specifies the protocol that exchanges data between two devices via serial lines. Instead of using UART’s oversampling scheme, the SPI interface includes a third line to control the shifting and sampling of serial data. The activities are performed at the transition edge of this signal. The role is similar to the clock signal of a synchronous system and thus this line is referred to as the SPI clock.

Unlike the UART setting, in which two systems are symmetric and both can initiate a transmission, the SPI standard uses a master-slave configuration. The master controls the overall operation and generates the SPI clock signal. Only the master can initiate a data transfer.

Despite its name, the SPI clock is not a real system clock and should not be used to drive any register directly. The system clock rate of the SPI controller is much faster than the rate of the SPI clock. From SPI controller’s point of view, the SPI clock is just another control signal.


16.1.1 Conceptual architecture

The conceptual diagram of an SPI bus with two devices is shown in Figure 16.1. Both the master and the slave have a shift register inside. The two shift registers are connected as a ring via the mosi (for “master-out-slave-in”) and miso (for “masterin-slave-out”) lines and their operation is coordinated by the same SPI clock signal, sclk. The mosi and miso signals are somewhat like the UART’s transmitting signal (tx) and receiving signal (rx). We assume that both registers are eight bits wide and the data transfer is done on a byte-by-byte basis. At the beginning of the operation, both master and slave load data into the registers. During the data transfer, data in both registers is shifted to the right by one bit in each sclk cycle. After eight sclk cycles, eight data bits are shifted and the master and slave have exchanged register values. The master and slave then can process the received data. This operation can be interpreted that the master writes data to and reads data from the slave simultaneously, which is known as full-duplex operation.
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Figure 16.1 Conceptual diagram of the SPI bus.



In addition to the mosi, miso, and sclk lines, a slave device may also have an active-low chip-select input, ss_n (for “slave select”). The signal is somewhat like the cs (chip-select) signal defined in the slot interface in Section 11.3.1. It can be used for the master to select the desired slave device if there are multiple slave devices on the bus. Many SPI devices also use ss_n for certain control functionality and it cannot be omitted, even in a single-slave configuration.



16.1.2 Multiple-device configuration

The SPI standard supports a multiple-slave configuration, in which a master device can control more than one slave device. There are two basic schemes, which are the parallel configuration and the daisy-chain configuration. A three-slave example is shown in Figure 16.2.
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Figure 16.2 Multiple-slave configuration.



The parallel configuration uses a dedicated ss_n line for each slave device, as shown in Figure 16.2(a). An ss_n line functions as the chip-select signal and the master can select the desired device by asserting the corresponding line. This configuration can accommodate a master and “independent” slave devices. Since the miso lines of the slaves are tied together, the miso line must be driven by a tristate buffer and its output should be in a high-impedance state when the slave device is not selected.

The daisy-chain configuration connects the mosi and miso lines into a cascading chain, as shown in Figure 16.2(b). A single ss_n line is used to control all slave devices. Conceptually, the chain forms a large shift register and the data is transferred serially from device to device. The devices in this configuration must be “cooperative” and follow the same protocol to transmit, insert, and extract data bytes.



16.1.3 Basic timing

The SPI bus uses the edges of SPI clock (sclk) to control and synchronize the bit data transfer. To facilitate our discussion, we define two activities during a bit transfer: driving (i.e., shifting) a new bit to the data line and sampling (i.e., latching) a bit from the data line. The driving and sampling are completed in the same SPI clock cycle but taken place in opposite clock edges.

A representative timing diagram is shown in Figure 16.3. Initially the bus is idle and the sclk line is 0. At t0, the master asserts ss_n and the designated slave places the first data bit (bit 7) on the miso line. At t1, the master starts the SPI clock and drives the bit b7 on the mosi line. Since the first half of the SPI clock period is 0, the value on sclk remains unchanged. At t2, the master raises the SPI clock and progresses to the second half of the clock period. At the 0-to-1 transition edge, the master samples the data on miso and the slave samples the data on mosi. At t3, the first SPI clock cycle is completed. The master starts the second SPI clock period and lowers sclk. Both master and slave drive new bits to the data line. At t4, the master raises sclk again and both master and slave sample the new data bits. The driving and sampling activities are repeated until eight data bits are transferred. The last data are sampled at t5 and sclk returns to 0 at t6. At t7, the master de-asserts ss_n. Note that all samplings are performed at the rising edges of sclk and all drivings (with the exception of the initial one) are performed at the falling edges of sclk.
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Figure 16.3 Representative timing diagram of an SPI data transfer.





16.1.4 Operation modes

The SPI’s operation mode defines the relationships between the SPI clock edges and driving and sampling activities on the data lines. There are four modes. The modes depend on two parameters, which are clock polarity (abbreviated as cpol) and clock phase (abbreviated as cpha). The clock polarity is defined as the value of sclk when it is idle, which can be either 0 or 1. The clock phase is harder to define. One interpretation is whether a clock edge is used in driving the first data bit. If cpha is 1, the master drives the bit at the first transition edge. If cpha is 0, the master drives the bit at the zeroth transition edge (which means no edge or not the first edge).

Based on the two parameters, the SPI mode is defined as follows:


	Mode 0: cpol=0 and cpha=0

	Mode 1: cpol=0 and cpha=1

	Mode 2: cpol=1 and cpha=0

	Mode 3: cpol=1 and cpha=1



Note that the timing diagram in Figure 16.3 corresponds to mode 0 since sclk is 0 when it is idle and the first bit is not driven by the first transition edge.

The timing diagram of four modes is shown in Figure 16.4. Mode 0 is the most commonly used mode. In this mode, the idle value is 0 and the clock cycle begins with 0. Since the idle value and clock’s starting value are the same, the first data bit is driven before the first transition edge. In mode 1, the idle value is also 0, but the clock cycle begins with 1. The starting value of 1 leads to a 0-to-1 transition edge and thus the first bit is driven at the first edge. Note that in these two modes the clock period and the starting time are the same but their values are out of phase.
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Figure 16.4 SPI modes.



The sclk idle value in modes 2 and 3 is 1. The sclk waveform in mode 2 is the exact opposite of that in mode 0 and the waveform in mode 3 is the exact opposite of that in mode 1. Again, note that the clock period and the starting time are the same for all modes.



16.1.5 Undefined aspects

The SPI interface was developed by Motorola and has become a de facto standard. There is no governing body or organization overseeing the standard. Several important aspects are not defined in the standard.

The first aspect is the use of the ss_n signal. The ss_n signal mainly acts as an enable or chip-select signal. A slave device is disabled if its ss_n is not asserted. In many devices, the ss n also functions as a control signal. The data exchange is done on a transaction-by-transaction basis:


	The master asserts ss_n.

	The master and the selected slave transfer data bits.

	The master de-asserts ss_n.



A transaction is shown in Figure 16.5. The edges caused by asserting and de-asserting ss_n are used to activate certain actions, such as driving a bit or latching parallel data, in the slave device. This implies that ss_n must be connected to the master even if there is only one slave device; i.e., simply tying it to 0 will not work. The SPI standard does not explicitly define the role of the ss_n signal or protocol on the transaction. In addition, the timing requirements of “setup time” of ss_n (tSS_SETUP), which is the interval between the ss_n assertion and the clock initiation, “hold time” of ss_n (tSS_HOLD), which is the interval between the ss_n de-assertion and the clock termination, and the turn-around time between the two transactions (tSS_TURN) are not specified.


[image: image]

Figure 16.5 Timing with an ss_n signal.



The second undefined aspect is the number of bits in one data exchange. There are eight bits transferred in Figure 16.3. However, the SPI standard does not specify the number of bits transferred in a transaction.

Finally, the SPI standard does not specify the bit order of the transmission; i.e., whether the MSB or LSB of a data byte or data word is transferred first. “MSB first” is commonly used but not warranted.

Because of these undefined aspects, we must consult the device’s data sheet and tailor the access for each device. This is commonly done by the software driver and the application program.




16.2 SPI CONTROLLER


16.2.1 Basic design

We develop an SPI master controller in this section. The design assumes that eight data bits are transferred with MSB first. Since the operation of the ss_n signal is not directly related to the transfer, it is handled in the upper level and not included in the controller design.

The fundamental function of the controller is to shift in and shift out data bit by bit at a specific rate and to generate the SPI clock. The simplified timing diagram of shifting a bit is shown in Figure 16.6. To facilitate the driving and sampling actions, the shifting operation is divided into two equal parts, labeled as p0 and p1 (for part 0 and part 1). The sclk signal oscillates between the two parts. The waveform of mode 0 is shown in Figure 16.6.
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Figure 16.6 Timing of data shift operation.



At the beginning of p0, the controller shifts out a new bit (i.e., drive) on the mosi line. It also lowers the sclk line at the same time, which leads to a 1-to-0 transition edge. The falling edge causes the slave to shift out a new bit on the miso line as well. After reaching the half point (at the end of p0), the controller samples the miso line and shifts in one new data bit. It also raises the sclk line simultaneously, which leads to a 0-to-1 transition edge. The rising edge signals the slave to sample the new bit in the mosi line. These activities repeat eight times and the controller transmits and receives eight bits of data.

The FPGA’s system clock rate is much faster than the SPI clock rate. From the controller’s point of view, the SPI clock (sclk) is just an output signal based on the “part” of a data bit. For example, in mode 0, the controller sets the sclk line to 0 in the p0 portion and sets it to 1 in the p1 portion. Note that the data-shifting operation is the same regardless of the operation mode, as demonstrated in Figure 16.4.



16.2.2 FSMD construction

The SPI controller is constructed by an FSMD and special output logic to generate the SPI clock. The ASMD chart is shown in Figure 16.7. The p0 and p1 states represent the two parts labeled under the timing diagram in Figure 16.6. Asserting the start signal initiates the operation. The FSM loops the p0 and p1 states eight times to transfer eight bits of data.
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Figure 16.7 SPI controller ASMD chart.



The time spent in the p0 and p1 states depends on the SPI clock rate. Let the clock rates of the SPI bus and the FPGA system be fspi and fsys. There are [image: image] system clocks in one SPI clock period. Since an SPI cycle is composed of two parts, there are [image: image] system clocks in the p0 or p1 state. One possible scheme to obtain the desired interval is the baud rate generator discussed in in Section 12.2. However, since the SPI clock rate is not fixed, a more general approach is needed. We make the desired interval as an input signal, dvsr (for clock divisor), whose value is equal to [image: image], and use a counter, labeled c in the FSMD chart, to keep track of the number of elapsed clock cycles. The c register is cleared to 0 when the FSM exits the current state and starts incrementing in the new state. The FSM stays in the same state until c reaches dvsr.

There are three other data registers. The n register keeps track of the number of bits processed and the si and so registers are shifting registers for the serial input and output.

A separate output control logic generates the SPI clock based on the FSM states. The exact value of sclk depends on the SPI operation mode. Close observation of Figure 16.4 shows the following:


	Mode 0: sclk is 1 in p1 state and is 0 otherwise.

	Mode 1: sclk is 1 in p0 state and is 0 otherwise.

	Mode 2: sclk is the inverted version of mode 0.

	Mode 3: sclk is the inverted version of mode 1.





16.2.3 HDL implementation

The HDL code is shown in Listing 16.1. The din port is the byte data to be transmitted and the dout port is the received byte. The SPI operation mode is specified by the cpol and cpha ports, as defined in Section 16.1.4. The ready signal indicates that the controller is idle and ready to transfer a new data byte. The done_tick signal is asserted for one clock cycle after the controller completes processing a transfer.

Listing 16.1 SPI controller
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The HDL code follows the ASMD chart. A special output logic is used to obtain the SPI clock, as discussed in the previous subsection. The first statement
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assumes an SPI clock polarity of 0 and generates an intermediate signal based on the SPI clock phase (i.e., modes 0 and 1). The second statement
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inverts the intermediate clock if the polarity is 1. The signal is then fed to a buffer to remove any potential glitch and the output of the buffer is connected to the sclk line.

A special “lookahead output decoding” scheme is applied to obtain the sclk signal. Instead of state_reg, the state_next signal is used to generate an “intermediate” output signal. The signal is then fed to a register to obtain the final output signal. Since the output signal is obtained directly from a register, it is glitch-free and better suited to drive the SPI clock line.




16.3 SPI CORE DEVELOPMENT

The SPI master may have multiple slave-select (ss_n) signals, as shown in Figure 16.2(a). These signals can be implemented as general-purpose output registers and can be asserted and de-asserted according to the specification of a specific SPI device. In fact, it is possible to instantiate a separate GPO core and use its outputs as slave-select signals. For better integration, we include an output register for slave-select signals in the SPI core.


16.3.1 Register map

The processor interacts with the SPI controller as follows:


	set (i.e., write) the value of dvsr.

	set (i.e., write) the SPI mode via cpol and cpha.

	activate and deactivate (i.e., write) the slave-select signals.

	specify (i.e., write) the output data and start the data transfer.

	retrieve (i.e., read) the received data byte.

	check (i.e., read) the ready signal to determine whether the controller is ready.



Based on these interactions, we can define the SPI core’s register map. There is one read register. Its address offset and fields are


	offset 0 (read data and status register)

	– bits 7 to 0: 8-bit received data

	– bit 8: ready status






There are three write registers. Their address offsets and fields are


	offset 1 (slave-select register) 

	– bits S-1 to 0: S-bit ss_n signal to control S slave devices, where S is the SystemVerilog parameter value used in SPI core instantiation
 



	offset 2 (write data and command register)

	– bits 7 to 0: 8-bit data

	– Writing register 1 also initiates the SPI controller to transfer a data byte.




	offset 3 (control register)

	– bits 15 to 0: 16-bit divisor value

	– bit 16: 1-bit cpol value

	– bit 17: 1-bit cpha value








16.3.2 Wrapping circuit for the slot interface

Based on the register map and the I/O signals of the SPI controller, we can derive a wrapping circuit that complies with the slot specification and create the SPI core. The HDL code of the core is shown in Listing 16.2. It consists of an instance of SPI controller, a control register, and a decoding circuit.

Listing 16.2 SPI core
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Note that the write byte data is connected to the din port directly. When the processor writes register 2, the wr_spi signal is asserted and the write data is sampled at the same time.




16.4 SPI DRIVER

The driver consists of a set of routines to specify the SPI clock frequency, set the mode, control the slave-select signals, and perform a data transfer.


16.4.1 Class definition

The class definition of the SPI core is shown in Listing 16.3.

Listing 16.3 SpiCore class definition (in spi_core.h)
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The first enum definition uses symbolic names for the register offsets and the second enum definition specifies the fields of the read data register. The variables in the private section store the base address and keep track of various control parameters and slave-select signals.



16.4.2 Class implementation

The implementation of the constructor and the methods is shown in Listing 16.4.

Listing 16.4 SpiCore class implementation (in spi_core.cpp)
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The SpiCore() constructor saves the base address, sets the SPI clock frequency to 100K Hz and the operation mode to 0, and deactivates all slave devices. The ready() method reads the register and extracts the ready bit. The set_freq() method sets the SPI clock frequency. It calculates the divisor value with the [image: image] formula and writes the value to the control register. The set_mode() method specifies the operation mode via the cpol and cpha parameters and writes the values to the control register.

The SPI core’s ss_n register is the same as the GPO core’s output register. The first write_ss_n() method writes a word to this register and and the second one writes a bit to a specific position. The assert_ss() and deassert_ss() methods use write_ss_n() to activate and deactivate a specific slave device.

A data transfer on the SPI bus performs both the write operation (i.e., data transmitted from the master to a slave) and the read operation (i.e., data transmitted from a slave to the master) at the same time. The transfer() method performs a data transfer. The wr_data parameter is the write data to be transferred and the returned result is the received read data. If only a write operation is needed, the returned result will be ignored. If only a read operation is needed, the master will write a “dummy data,” which is ignored by the slave.




16.5 TEST

The Nexys 4 DDR board contains an ADXL362 device, which is an accelerometer with an SPI interface. It is used to verify the operation of the SPI core.


16.5.1 ADXL362 accelerometer

The ADXL362 device is a low-power high-resolution three-axis MEMS accelerometer made by Analog Devices. It measures both dynamic acceleration, resulting from motion or shock, and static acceleration, due to gravity. The measurement is digitalized internally and stored in internal registers. Some features, such as the measurement range and output data rate, can be configured.

The digitized acceleration measurement, status, and configuration are stored in ADXL362’s 36 internal registers, which can be accessed via the SPI interface. The ADXL362 device uses SPI mode 0 with the MSB transferred first. The protocol of reading and writing registers from ADXL362 is shown in Figure 16.8. The sequence of a write transaction is as follows:


	The master asserts ss_n (i.e., lowers the line to 0).

	The master issues a “write instruction byte,” 0x0a.

	The master issues the register address byte (i.e., the register number).

	The master transmits one or more write data bytes.

	The master de-asserts ss_n (i.e., raises the line to 1).
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Figure 16.8 ADXL362 read and write transactions.



Note that ADXL362 performs an automatic address increment for multiple-byte operations. After storing the first data byte into the designated register, it automatically increments the register address for each additional byte in the transaction. The process is repeated until ss_n is de-asserted. It can be thought of as a write transaction that is done in a “burst mode,” in which the “starting register address” is specified first and a burst of write data proceeds afterward. The ADXL362 device does not send feedback in a write transaction and thus the miso line is in the high-impedance state.

The sequence of a read transaction is similar:


	The master asserts ss_n.

	The master issues a “read instruction byte,” 0x0b.

	The master issues the register address byte.

	The master transmits one or more dummy bytes and the slave transmits one or more read data bytes.

	The master de-asserts ss_n.



As in a write transaction, the read transaction can be performed in burst mode and the master can receive multiple bytes in a single transaction.

Note that although the SPI protocol supports the duplex operation, most devices only transfer data in one direction, in a fashion similar to the operation shown in Figure 16.8.

To verify the operation of the SPI core, our test reads the device signature and eight-bit three-axis acceleration. Following is the relevant information for the test:


	The ADXL362 signature (i.e., part id) is stored in register 2 and its value is 0xf2.

	The eight-bit x-axis acceleration is stored in register 8 in signed format.

	The eight-bit y-axis acceleration is stored in register 9 in signed format.

	The eight-bit z-axis acceleration is stored in register 10 in signed format.

	The default range is ±2g (where g is Earth’s gravitational acceleration) and the default output data rate is 100 Hz.



More detailed usage and configuration information can be found in the ADXL362 data sheet.



16.5.2 Test program

A simple test function is derived to access the ADXL362 acceleration measurement via the SPI core. The code is shown in Listing 16.5. It first checks the ADXL362’s part id to verify the existence of the device and then retrieves the three-axis acceleration measurements. The reading is converted to values in terms of g and displayed on the UART console. When the board is placed on a flat surface, the reading of the z-axis should be close to −1.0 g and the readings of the two other axes should be close to 0 g.

Listing 16.5 ADXL362 SPI test function (in main_sampler_test.cpp)
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16.6 PROJECT IDEAS

The SPI standard is used as an I/O interface in a wide variety of peripherals, including sensors, ADCs (analog-to-digital converters), DACs (digital-to-analog converters), LCDs (liquid crystal displays), and EPROM (electrically erasable programmable ROM) and flash memory. An FPro system can instantiate multiple SPI cores and incorporate any number of desired peripherals into the system. Two useful peripherals are the SD card and TFT (thin-film-transistor) LCD module.


16.6.1 SD card

A flash memory card is a device that contains flash memory and a controller. It is frequently used as an external massive storage for embedded applications. The SD card standard is a widely used standard developed by the SD Card Association. An SD card can operate in either SD mode or SPI mode. The latter uses the SPI interface as its “physical layer” to transfer bit-level data. The standard defines the physical and electrical characteristics as well as the upper-level protocols to initialize a card, read a data block, and write a data block. For example, the basic protocol of reading a block in SPI mode is shown in Figure 16.9.
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Figure 16.9 Protocol to read a data block in SPI mode.



The Nexys 4 DDR board contains a microSD card socket. We can instantiate an SPI core for the socket and access the SD card. The software should be constructed with a three-layer hierarchy. The bottom layer is the SPI driver discussed in Section 16.4. The middle layer is the routines that implement the SD card protocol to perform card initialization and retrieve and store data blocks. The top layer should be a file system, which specifies how to map a logical file to a physical massive storage and to organize multiple files in the storage. Variants of the FAT (file allocation table) system are widely used for simple embedded applications.



16.6.2 TFT LCD module

A complete video subsystem is constructed and discussed in Part IV of the book. For some projects, an interesting and simple alternative is to use a low-resolution TFT LCD module. A typical low-resolution module contains a TFT LCD display and a TFT video controller with integrated video memory. Some modules may also include an SD card socket and a touch screen. These modules are frequently equipped with an SPI interface and a processor can write the video memory through the interface. Although the data transfer rate is very limited, it is still adequate for applications that do not require a high-resolution display or animation.




16.7 BIBLIOGRAPHIC NOTES

The SPI interface is a de facto standard and there is no official documentation. The Wikipedia website provides a comprehensive overview. The ADXL362 data sheet from Analog Devices, Inc. contains detailed information on SPI timing, command, data transfer protocol, and register usage.

The SPI interface is widely used in sensor modules and additional information can be found in the bibliographic section in Chapter 13. The author’s other text, Embedded SoPC Design with Nios II Processor and Verilog Examples, includes discussions on the SD card initialization and identification process, the data transfer protocol, and the FAT16 file structure and access.



16.8 SUGGESTED EXPERIMENTS


16.8.1 Inclination sensing

For a still object, the only acceleration stimulus is associated with gravity. The tilting or inclination of an object can be determined by examining the acceleration in three axes. One application of accelerometer is to determine the orientation of a handheld device, as in the portrait mode or landscape mode of a smart phone. Pretend that the prototyping board has a screen on the front the same as a smart phone. Derive a program to determine the orientation of the board, which can be 0°, 90°, 180°, or 270°, and use four LEDs to show the result.



16.8.2 “Tapping” detection

When we quickly tap an object, the force introduces “spikes” in acceleration. With an accelerometer, the tapping can be used as an input method. This can be achieved as follows:


	Derive a program to capture the acceleration value during a “tapping event.”

	Record the tapping several times and derive a “signature” of tapping.

	Derive a function to detect the specific signature.



After completion, test the function with an LED by turning it on and off alternatively with tapping.



16.8.3 ADXL362 C++ class

The ADXL362 is versatile device with many features. Consult the data sheet and create an ADXL362 C++ class with the following methods:


	Read the device id, part id, and revision id.

	Perform a software reset.

	Perform a self-test.

	Set the output data rate.

	Set the measurement range.

	Read the eight-bit acceleration data.

	Read the 12-bit acceleration data.

	Read the 12-bit temperature data.

	Read acceleration data from the internal FIFO buffer.



Write a test program to verify the operation of these methods.



16.8.4 Enhanced SPI controller: part I

Many SPI devices use the ss_n signal for transaction-based data transfer, as discussed in Section 16.1.5. We can incorporate this feature into the SPI controller in Section 16.2 as follows:


	Generate an additional output to control the ss_n signal.

	Expand the FSM with an additional state to accommodate the ss_n setup time, hold time, and turn-around time (tSS_SETUP, tSS_HOLD, and tSS_TURN shown in Figure 16.5).

	Add three extra input ports, ss_s_cycle, ss_h_cycle, and ss_t_cycle to specify the number of system clock cycles in tSS_SETUP, tSS_HOLD, and tSS_TURN interval.



Design the new SPI controller, revise the SPI core and driver as needed, and verify its operation with the ADXL362 device.



16.8.5 Enhanced SPI controller: part II

The number of data bits and the bit order (i.e., MSB or LSB first) of the SPI controller designed in Section 16.2 are fixed. We can extend the SPI controller to make these two aspects configurable and use two additional input ports to specify the number of bits to be transferred (between 8 and 64) and the bit order. The FSMD can be modified to accommodate the new features. Design the new SPI controller, revise the SPI core and driver as needed, and verify its operation with the ADXL362 device.



16.8.6 “Automatic-read” ADXL362 wrapper: part I

An “automatic-read” wrapping circuit retrieves the acceleration data from ADXL362 continuously and returns three-axis acceleration as its output. An external system can access the data directly without worrying about the SPI protocol. The entity declaration is
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The wrapping circuit can be constructed by an FSMD on top of the SPI controller. The FSMD should follow the ADXL362 protocol to issue the command and retrieve the measurement data. Derive the wrapping circuit and verify its operation.



16.8.7 “Automatic-read” ADXL362 wrapper: part II

Repeat the “automatic-read” wrapping circuit in Experiment 16.8.6 to generate 12-bit acceleration measurement.



16.8.8 Flash memory access

The Nexys 4 DDR board has a 16-MB flash memory device (Spansion S25FL128S). The device communicates to an external host via an SPI interface. About 4 MB is used for Artix-7’s configuration file (loaded to the FPGA device during power on). We can instantiate an SPI core to access the remaining space for user data. Study the data sheets of the board and the device, derive software routines to perform the read and write operations, and develop a test program to verify its operation.



16.8.9 SPI slave controller: part I

An SPI slave controller accepts commands from an SPI master and responds accordingly. With an SPI slave interface on an FPGA board, other prototyping boards can access the FPGA board and exchange information. We want to construct a slave controller following the transaction protocol shown in Figure 16.8. The controller can be designed and tested as follows:


	Instantiate the 24-by-8 register file discussed in Section 7.3.

	Develop an FSMD following the read and write protocol. Its data path should contain an address register to maintain the current address and a data register to shift in or out data.

	Connect the SPI signals to the Pmod port of the Nexys 4 DDR board.

	Synthesize and implement the slave controller.

	Use a separate prototyping board as the SPI master and connect the SPI bus signals. The second board can be another FPGA board or a microprocessor-based board, such as Arduino or Raspberry Pi.

	Derive a testing program in the SPI master board to access the register file and verify the SPI slave operation.





16.8.10 SPI slave controller: part II

Experiment 16.8.9 essentially creates an “SPI slave wrapping circuit” for the register file. The wrapping circuit allows other prototyping boards to access the register file. The same concept can be applied to other components as well. Follow the steps in Experiment 16.8.9 and derive an SPI slave interface for the following cores:


	XADC core in Chapter 13

	PWM core in Chapter 14

	Seven-segment LED core in Chapter 15

	DDFS core in Chapter 19

	ADSR core in Chapter 20









CHAPTER 17 
I2C CORE

The I2C (for inter-IC) standard is a serial data transfer protocol developed by Philips Semiconductors (now NXP Semiconductors). The I2C bus is composed of two lines, one for bidirectional data transfer and one for a “clock” signal. Multiple devices can be attached to the bus and the designated master device generates the clock signal and controls the data transfer. Along with the SPI standard, the I2C standard is also widely used in embedded systems to connect peripheral modules. In this chapter, we develop an I2C core and driver and demonstrate its operation by retrieving temperature readings via the I2C interface of the ADT7420 device.

17.1 OVERVIEW

The I2C protocol is a low-speed serial bus for efficient communication between devices. The I2C bus consists of two bidirectional lines, sda (for “serial data”) and scl (for “serial clock”), for data and clock, respectively. During the operation, one device on the bus functions as the master and other devices function as slaves. The master generates the clock on the scl line and also initiates and terminates the data transfer. A slave listens to the bus and responds when addressed. The master and the designated slave then exchange data via the sda line.

Like the SPI protocol, the I2C master generates a clock signal and controls the transaction. However, there are several differences between them. First, the I2C’s data line is bidirectional and is used for both read and write operations.

Second, I2C protocol does not use a device selection signal (as did the ss_n signal in SPI). Instead, each device on the I2C bus is assigned a unique address and can be identified and accessed via the address. Third, the I2C protocol supports multiple masters and defines a mechanism to arbitrate contention.

The I2C standard originally specified an scl rate between 0 and 100K Hz (known as the standard mode) and later extended its upper limit to 400K Hz (known as the fast mode) and to 3.4M Hz (known as the high-speed mode).

17.1.1 Electrical characteristics

The physical connection of the I2C bus is shown in Figure 17.1. It uses open-drain technology, which means that the output stage of a device must have an open-drain structure. Both sda and scl lines are connected to the voltage source (VDD) via pull-up resistors and are high when the bus is idle. A line becomes low as soon as one device’s output turns to low. It thus performs the wired-and function.
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Figure 17.1 Conceptual diagram of I2C bus.



17.1.2 Basic bus protocol

The I2C bus is shared by the attached devices. The data transfer is performed on a transaction basis. A master device can generate a start condition and then take over the bus. It then transmits or receives the data for the designated slave byte by byte. Each byte is followed by an acknowledge bit in the ninth clock cycle. The number of bytes in a transfer is unrestricted. After completion, the master generates a stop condition and releases the bus.

The detailed sequence of writing two bytes of data is shown in the top part of Figure 17.2. The basic steps are summarized below:


	The master initiates the transfer by creating a start condition and takes over the bus.

	The master broadcasts a byte, in which the seven MSBs are the slave’s seven-bit address (i.e., device id) plus a direction bit of 0. The direction bit indicates the direction of data flow, in which a 1 is for the read operation (i.e., from slave to master) and a 0 is for the write operation (i.e., from master to slave).

	The slave with the matched address acknowledges with a 0 in the ninth clock cycle.

	The master transmits eight bits of data (i.e., the first data byte).

	The slave acknowledges with a 0 in the next clock cycle.

	The master transmits eight bits of data (i.e., the second data byte).

	The slave acknowledges with a 0 in the next clock cycle.

	The master terminates the transfer by creating a stop condition and releases the bus.
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Figure 17.2 Conceptual sequence of reading and writing two bytes of data.



The sequence of reading two bytes of data is shown in the bottom part of Figure 17.2. The master initiates the transfer by creating a start condition and broadcasts the designated slave address with a direction bit of 1. The designated slave then takes over the bus and transmits the data bits. After receiving the eight data bits, the master acknowledges with a 0 in the ninth clock cycle. The read-byte operation is repeated until the last byte is received (i.e., the second data byte in this example). The master acknowledges the last byte with a 1 (i.e., a “not acknowledge”) in the ninth clock and then terminates the transfer by creating a stop condition.

When a master generates a stop condition, it releases the bus and other master devices may seize control afterward. If a master wants to perform multiple transactions, it can generate a restart condition (also referred to as a repeated start condition) after each transaction and only issue a stop condition after the last transaction to free the bus. The restart condition replaces the normal stop condition to terminate a transaction but without giving up the bus.

17.1.3 Basic timing

The timing diagram of writing two bytes is shown in Figure 17.3. Initially, the bus is in idle state, in which both sda and scl lines are high. The master creates the start condition, in which sda transits from high to low while scl is high, and takes over the bus. It then generates the clock signal over the scl line and transmits the first byte, which contains the device address and the direction bit of 0. The data bit over sda must be stable when scl is high. Since switching to a new data bit may cause a transition on sda, this implies that new data can only be placed on sda when scl is 0. This requirement ensures that the start and stop conditions will never be confused as data.


[image: ]

Figure 17.3 Timing diagram of an I2C write transaction.



After completing transmission of eight bits, the master releases the sda line and reverses to receiving mode in the ninth clock cycle. The addressed slave should generate an active-low acknowledge (i.e., 0) in this period and the master can read this bit to verify that the previous transmitted byte was properly received by the designated slave. The master then repeats the write-byte operation twice to transmit two data bytes.

The master terminates the transaction by creating the stop condition, in which sda changes from low to high while scl is high, and releases the bus.

The timing diagram of reading two bytes is similar except that the roles of receiver and transmitter are reversed for the last two bytes. The master now receives data bits and acknowledges in the ninth cycle.

17.1.4 Additional features

The I2C protocol is comprehensive and flexible and includes mechanisms to accommodate slow slave devices and multiple master devices. The clock stretching scheme allows a slow slave device to hold down the scl line and thus enables it to reduce the clock rate or even suspend communication for a while. The arbitration mechanism resolves the contention between two masters, which occurs when two master devices initiate the transactions at the same time. These features require the master to continuously monitor the scl and sda lines and to utilize the open-drain output structure.

17.2 I2C CONTROLLER

17.2.1 Basic design

We develop an I2C master controller in this section. The design is intended for a single-master configuration (i.e., only one master on bus) and does not support clock stretching.

The I2C protocol only defines the starting and terminating conditions of transaction and bit-level timing. It does not specify the number of bytes in a transaction and thus designing a general-purpose I2C controller at the transaction level is tedious. For simplicity, we develop a controller that supports basic I2C bus actions and use the software device driver to “assemble” the needed actions to form a transaction specified by a specific I2C device. There are five basic actions performed by an I2C master controller:


	Write eight bits and check the acknowledge bit.

	Read eight bits and assert an acknowledge or negative-acknowledge bit.

	Generate a start condition.

	Generate a stop condition.

	Generate a restart condition.



Based on the needed transitions, each action can be divided into several phases. The phases of the start, restart, and stop conditions are shown in Figure 17.4(a). Note that both scl and sda lines are high when the bus is idle and both are low after start and restart conditions and after completing transmitting or receiving a byte. We assume that the I2C clock rate is fi2c and its period is tI2C (which is ). Each phase is half of tI2C. The start and stop conditions take one I2C clock cycle. The restart condition is similar to the start condition. The controller simply first raises the scl and sda lines to high and then generates a normal start condition. It takes 1.5 I2C clock cycles.
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Figure 17.4 State division of I2C transactions.



The phases of processing a bit in read or write actions are shown in Figure 17.4(b). Each bit takes one I2C clock cycle and the period is divided into four phases, labeled as data1, data2, data3, and data4. An scl clock pulse is generated in this period. The I2C protocol specifies that the data on sda must be stable when scl is high. Correct data exchange can be achieved by placing the data bit on sda at the beginning of the data1 phase in a write operation and retrieving the data bit in the transition between the data2 and data3 phases in a read operation. After nine bits are processed, the scl and sda lines are lowered in preparation for the next action, which is labeled as data_end.

The I2C controller is constructed by an FSMD and a special output control logic to handle the data bit flow and acknowledgment.

17.2.2 Conceptual FSMD construction

A sketch of the control FSM is shown in Figure 17.5. The cmd input specifies the action, whose value can be RD_CMD (for a read operation), WR_CMD (for a write operation), START_CMD (for the start condition), RESTART_CMD (for the restart condition), or STOP_CMD (for the stop condition). The FSM states represent the phases of various actions labeled under the timing diagram in Figure 17.4(a) and (b). Based on the state, it generates the applicable scl and sda signals.
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Figure 17.5 Sketch of an I2C controller FSM.



A transaction begins with START_CMD. It initiates the FSM to move through the start1 and start2 states to generate a start condition. A WR_CMD or RD_CMD command should follow. Both read and write actions go through the same data states. The data1, data2, data3, and data4 states process a data bit or an acknowledge bit. They are circulated through nine times and bit_reg is used as a counter to keep track of the number of iterations. A separate output control logic controls the direction of data flow based on the type of command. After nine bits are processed, the FSM moves to the data_end state, which lowers the scl and sda lines for a quarter of scl clock. It then moves to the hold state.

After completing a command, the FSM stays in the hold state waiting for the next command. The state represents an intermediate “holding point” in a transaction and both scl and sda lines are low in this state. Note that the FSM generates a ready status signal to indicate whether the controller is ready to accept a new command. It is asserted in the idle and hold states.

The transaction is ended with a STOP_CMD or RESTART_CMD command. The former makes the FSM move through the stop1 and stop2 states to generate a stop condition and the latter forces the FSM to regenerate a start condition and begin a new transaction.

17.2.3 Output control logic

The FSMD utilizes the four data states of the FSM to generate the scl clock and to transfer data between the master and slave. It contains a receiving shift register and a transmitting register. The registers are nine bits wide and used to handle eight data bits and one acknowledge bit. The same shift operations are performed for both read and write operation. The receiving shift register samples the sda input at the middle of the scl clock, when the FSM transits from state2 to state3. The FSM loads the nine-bit word into the transmitting shift register before the initiation of the data states. The bits are shifted out at the beginning of the data1 state one bit at a time. The FSM iterates the four data states nine times to complete the processing.

A separate output control logic controls the tristate buffer of the sda I/O pin and sets the correct direction of data flow. The conceptual diagram is shown in Figure 17.6. During a write operation, an eight-bit data and a dummy acknowledge bit is loaded into the transmitting register. The control logic enables the tristate buffer in the first eight iterations to place the data bits on the sda line. It disables the tristate buffer in the ninth iteration to release the line so that the slave device can issue an acknowledge. In the end of a write operation, nine bits are shifted out from the transmitting register but the last dummy acknowledge bit is irrelevant. Similarly, nine bits are shifted into the receiving register. The first eight bits are the loopback from the transmitted data and are irrelevant. The last bit is the acknowledge from the slave and can be used to verify the status of the transmission.
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Figure 17.6 Conceptual diagram of output control logic.



During a read operation, a dummy byte and a designated acknowledge bit are loaded into the transmitting register. The control logic reverses the previous direction. It disables the tristate buffer in the first eight iterations so that the receiving register can sample and shift eight data bits from the sda line. It enables the tristate buffer in the ninth iteration so that the master can place an acknowledge bit on the sda line.

17.2.4 I2C bus clock generation

The clock of I2C bus is the pulses on the scl line during data transfer. The clock rate is between 0 and 100K Hz in I2C’s standard mode and can be up to 3.4M Hz in other modes. In our design, the clock is generated in FSM’s four data states, as shown in Figure 17.4(b). The desired I2C clock rate can be obtained by adjusting the interval of a data state.

Let the clock rates of I2C bus and the FPGA system be fi2c and fsys. There are  system clocks in one I2C clock period. Since a cycle is composed of four phases, there are  system clocks in each data state. A counter in the FSMD data path can be used to keep track of the number of elapsed clock cycles and to make the transition at the desired time.

The phases of the start, restart, and stop conditions are half of an I2C clock period, as shown in Figure 17.4(a). There are  system clocks in each phase and the same counter can be used to obtain the desired time interval.

17.2.5 HDL implementation

The top-level sketch of I2C controller is shown in Figure 17.7. The scl and sda ports are connected to the I2C bus. There are three other input ports. The dvsr port is the clock divisor to obtain a quarter of an I2C clock period and should be equal to . The cmd port is for the three-bit command that specifies the desired action, which can be start (000), write (001), read (010), stop (011), or restart (100). The din port is for the input data. In a write operation, it is the data byte to be transmitted. In a read operation, the LSB (i.e., din(0)) is the acknowledge bit to be transmitted by the I2C master. The wr_i2c port is a control signal that writes the data and command into the registers and starts the action.
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Figure 17.7 Top-level diagram of I2C controller.



There are four output ports. The dout port is the received data byte from a read operation. The ack port is the received acknowledge bit from a write operation and it should be 0. The ready signal indicates that the controller is idle and ready to take a new command. The done_tick signal is asserted for one clock cycle after the controller completes processing nine bits in a read or write action.

The HDL code follows the FSM in Figure 17.5 and generates the desired scl and sda level in Figure 17.4. It is shown in Listing 17.1.



Listing 17.1 I2C controller


[image: ]


[image: ]


[image: ]


[image: ]

There are several registers in the data path. The c_reg register is used as a counter to keep track of the amount of time spent in each state. The qutr and half are derived from the dvsr input signal and are used to represent the number of system clock cycles for a quarter and a half of the I2C clock period. The c_reg register counts continuously and is cleared to zero when the FSM exits the previous state. The FSM can only move out from the current state when c_reg reaches the designated value. The bit_reg register is used to keep track of the number of data bits processed and the cmd_reg register stores the current command. The tx_reg and rx_reg registers are the transmitting and receiving shift registers.

The output control logic determines the direction of data flow on the sda line and generates a signal, into, to control the tristate buffer. The data flows into the controller under the following conditions:


	Execution of the first eight bits of the RD_CMD

	Execution of the ninth bit of the WR_CMD



These conditions translate into the following statement:



Finally, the design uses FPGA I/O pin’s tristate buffer to accommodate the open-drain structure of the I2C bus. The HDL code for the scl port, in which the signal flows out of the device, is

assign scl = (scl_reg) ? 1’bz : 1’b0;

In this scheme, the FPGA device turns off the tristate buffer (i.e., changes the output to a high-impedance state) when a desired bus line level is 1. Since the bus line is connected to VDD via a pull-up resistor, it is driven to 1 implicitly when all devices output 1 (i.e., all are in high-impedance state). Note that the scl port uses the tri data type because of the tristate buffer.

The HDL code for the sda port is

assign sda = (into || sda_reg) ? 1’bz : 1’b0;

The first condition, into=’1’, is to turn off the tristate buffer for the slave device to transmit data and the second condition, sda_reg=’1’, is to generate an output of 1 via the implicit pull-up resistor circuit. As with the scl port, the tri data type is used because of the tristate buffer.

17.3 I2C CORE DEVELOPMENT

We can follow the procedure in Section 11.3.2 to add a wrapping circuit for the I2C controller and create an MMIO IP core.

17.3.1 Register map

The processor interacts with the I2C controller as follows:


	set (i.e., write) the value of dvsr.

	specify (i.e., write) the action and data and start the operation.

	receive (i.e., read) a data byte.

	check (i.e., read) the ready signal to determine whether the controller is ready to accept a new command.

	verify (i.e., read) the acknowledge bit of the write action.



Based on these interactions, we can define the I2C core’s register map. There is one read register. Its address offset and fields are


	offset 0 (read data and status register)

	– bits 7 to 0: 8-bit received data

	– bit 8: ready status

	– bit 9: acknowledge bit






There are two write registers. Their address offsets and fields are


	offset 0 (dvsr register)

	– bits 15 to 0: 16-bit divisor value




	offset 1 (data and command register)

	– bits 7 to 0: 8-bit data

	– bits 10 to 8: 3-bit command

	– writing register 1 also initiates the I2C controller operation






17.3.2 Wrapping circuit for the slot interface

Based on the register map and the I/O signals of the I2C controller, we can derive a wrapping circuit that complies to the slot specification and create the I2C core. The HDL code of the core is shown in Listing 17.2. It consists of an instance of I2C controller, a register to store the divisor value, and a decoding circuit.



Listing 17.2 I2C core
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Note that the command and write data are connected to the cmd and din ports directly. When the processor writes register 1, the wr_i2c signal is asserted and the command and write data are written to I2C controller’s registers at the same time.

17.4 I2C DRIVER

The driver consists of a set of routines to set I2C bus clock frequency, to issue a command, and to perform a read or write transaction.

17.4.1 Class definition

The class definition of the I2C core is shown in Listing 17.3.



Listing 17.3 I2cCore class definition (in i2c_core.h)
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The first enum definition uses symbolic names for the register offsets. The second enum definition specifies the commands in the designed field (bits 10 to 8).

17.4.2 Class implementation

The class implementation of the constructor and the methods is shown in Listing 17.4.



Listing 17.4 I2cCore class implementation (in i2c_core.cpp)
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The I2cCore() constructor saves the base address and sets the default scl frequency to 100K Hz. The set_freq() method sets the I2C bus clock frequency. It calculates the divisor value with the  formula and writes the value to the divisor register.

The ready() method reads the register and extracts the ready bit. The start(), restart(), and stop() methods wait until controller is ready and then issue the corresponding command.

The write_byte() method writes a byte of data and returns the status. It concatenates the data and write command and writes them to core’s register when it is ready. The method waits until the write operation is completed and then retrieves the acknowledge bit. If the slave device does not generate a proper acknowledge bit, a –1 is returned to indicate the write failure.

The read_byte() method retrieves a byte of data from the slave device. The parameter, last, whose value should be either 0 or 1, is used to flag whether the read operation is the last one in a transaction.

The read_transaction() method performs a read transaction. The dev parameter specifies the slave device address (i.e., id) and the num parameter specifies the number of byte. The retrieved data bytes are stored in an array pointed to by bytes. The rstart parameter indicates whether a restart condition or a stop condition is generated at the end of the transaction. The method follows the read transaction sequence similar to that in Figure 17.2 and issues the following commands:


	Start.

	Write with device address.

	Read first num-1 bytes (with an acknowledge of 0).

	Read read last byte (with an acknowledge of 0).

	Restart or stop.



The write_transaction() method are similar except that multiple write commands are issued.

17.5 TEST

The Nexys 4 DDR board contains an ADT7420 device, which is a temperature sensor with the I2C interface. It is used to verify the operation of the I2C core.

17.5.1 ADT7420 temperature sensor

The ADT7420 device is a high-accuracy digital temperature sensor made by Analog Devices. It contains an internal band gap reference, a temperature sensor, and an ADC. The digitized reading is stored in internal registers. In addition to I2C interface, the device contains output pins that become active when the temperature exceeds predefined thresholds. Some features, such as the values of the thresholds and the ADC resolution, can be configured.

The digitized temperature, status, and configuration are stored in ADT7420’s 14 internal registers, which can be accessed via the I2C interface. The protocol of reading two consecutive registers from ADT7420 (as in reading the registers 0 and 1) is shown in Figure 17.8. The I2C master first issues a write transaction with one byte of data, which is the number of the register. The transaction is terminated with a restart condition (i.e., without releasing the bus). The I2C master then issues a read transaction to retrieve two bytes of data. Reading one byte is similar except that only one read action is needed in the second transaction. This form of protocol is common for I2C devices. However, some devices may use a stop condition after the first transaction and issue a new start condition for the second transaction.
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Figure 17.8 ADT7420 read operation.



To verify the operation of the I2C core, our test reads the device signature and the temperature. Following is the relevant information for our test:


	The I2C address of ADT7420 device is configured to be 0x4b on the Nexys 4 DDR board.

	The ADT7420 signature is stored in register 11 (0x0b) and its value is 0xcb.

	The temperature and status are stored in register 0 (the upper byte) and register 1 (the lower byte). After the 16-bit word is reconstructed, the 13 MSBs are the Celsius temperature reading in the signed format.



More detailed usage and configuration information can be found in the ADT7420 data sheet.

17.5.2 Test program

A simple test function is derived to access the ADT7420 temperature measurement via the I2C core. The code is shown in Listing 17.5. It checks the ADT7420’s signature to verify the existence of the device, retrieves the raw data, and derives the temperature reading.



Listing 17.5 ADT7420 I2C test function (in main_sampler_test.cpp)
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17.6 PROJECT IDEA

The I2C and SPI buses are the two most common standards for an embedded processor to interface I/O peripherals. As with SPI, I2C is used for a wide variety of peripherals, including sensors, ADCs, DACs, LCDs, and EPROM and flash memory. An FPro system can instantiate multiple I2C cores and thus incorporate any number of desired peripherals into the system.

An interesting device is Wii Nunchuk, which is shown in Figure 17.9. It is an accessory for the Wii game console remote but can function as a stand-alone device. Nunchuk contains a three-axis accelerometer, joystick, and three push-buttons. Its internal circuit encodes the measurements into a single serial data stream and transmits the stream via an I2C port. The signals of the port can be brought out with a simple adaptor, which is shown at the right in Figure 17.9. Nunchuk is a versatile I/O peripheral and can be used as a general handheld controller.
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Figure 17.9 Wii Nunchuk and adaptor.



17.7 BIBLIOGRAPHIC NOTES

The I2C Manual from Philips Semiconductors gives detailed technical specifications of the I2C standard and the Wikipedia website provides a comprehensive overview. The ADT7420 data sheet from Analog Devices, Inc. contains detailed information on the I2C timing, command, data transfer protocol, and register usage.

The data format and protocol of Nunchuk are widely available on the internet. The information can be found by searching the terms “Wii” and “I2C.”

17.8 SUGGESTED EXPERIMENTS

17.8.1 Thermometer

Use the ADT7420 device to implement a thermometer, in which the temperature reading is shown in the seven-segment LED display. The reading can be either in Celsius (C) or Fahrenheit (F) and the format of the display will look like “18.25C”or ”64.85F.” Derive the program and verify its operation.

17.8.2 ADT7420 C++ class

The ADT7420 is a versatile device with many features. Consult the data sheet and create an ADT7420 C++ class with the following methods:


	Read device id.

	Perform a software reset.

	Read status.

	Set configuration register.

	Read temperature data.



Write a test program to verify the operation of these methods.

17.8.3 Enhanced I2C core

The I2C core in Section 17.3 processes five commands. The read_transaction() and write_transaction() methods use these commands to retrieve or send data. We can enhance the core by implementing the two routines in hardware and improve its performance. For simplicity, we assume that the number of bytes accessed is between one and four bytes and can be accommodated by a 32-bit word. Design the new I2C controller, revise the I2C core and driver, and verify its operation with the ADT7420 device.

17.8.4 “Automatic-read” ADT7420 wrapper

An “automatic-read” wrapping circuit retrieves and outputs the temperature data from ADT7420 continuously. An external system can access the data directly without worrying about the I2C protocol. The entity declaration is



The wrapping circuit can be constructed by an FSMD on top of the I2C controller. The FSMD should follow the ADT7420 read transaction protocol and retrieve the measurement data. Derive the wrapping circuit and verify its operation.

17.8.5 I2C slave controller: part I

An I2C slave controller accepts commands from an I2C master and responds accordingly. With an I2C slave interface on an FPGA board, other prototyping boards can access the FPGA board and exchange information. We want to construct a slave controller following the transaction protocol discussed in Section 17.5.1. Use the procedure in Experiment 16.8.9 to design the slave controller and verify its operation.

17.8.6 I2C slave controller: part II

Repeat the Experiment 16.8.10 but use an “I2C slave wrapping circuit.”





CHAPTER 18 
PS2 CORE


The PS2 standard is a serial interface commonly used by a mouse or a keyboard. A PS2 device’s activities are embedded in a stream of packets and transmitted to the host via two serial lines. In this chapter, we design a PS2 core to transmit and receive data packets and develop driver routines to process the packets and to decode the keyboard or mouse activities.


18.1 INTRODUCTION

The PS2 standard was introduced in IBM’s Personal System/2 personal computers. It is a widely supported interface for a keyboard or mouse to communicate with the host, which is usually a processor. As in the I2C interface, the PS2 port contains two wires for communication purposes. One wire is for the bidirectional data, which is transmitted in a serial stream. The other wire is for the clock information, which specifies when the data is valid and can be retrieved. Unlike the I2C interface, in which only the master can start a transaction, both the host and PS2 device can initiate the data transfer. A host “listens” and receives data from a PS2 device most of the time but occasionally sends a command to the keyboard or mouse to set certain parameters. In addition, the PS2 device, not the host, generates the clock signal.

Both the data and clock lines are bidirectional. They use open-drain technology, similar to that discussed in Section 17.1.1.

The information in a PS2 interface is transmitted as an 11-bit “packet” that contains a start bit, eight data bits, an odd parity bit, and a stop bit. Whereas the basic format of the packet is identical for a keyboard and a mouse, the interpretation for the data bits is different. A keyboard data stream contains the scan codes of keys and a mouse data stream contains the movement information and button status. Thus, separate software drivers are needed.


18.1.1 PS2-device-to-host communication protocol and timing

A PS2 device and its host communicate via packets. The basic timing diagram of transmitting a packet from a PS2 device to a host is shown in Figure 18.1, in which the data and clock signals are labeled ps2d and ps2c, respectively.
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Figure 18.1 PS2-device-to-host timing diagram of a PS2 port.



The data is transmitted in a serial stream. Transmission begins with a start bit, followed by eight data bits and an odd parity bit, and ends with a stop bit. The clock information is carried in a separate clock signal, ps2c. The falling edge of the ps2c signal indicates that the corresponding bit in the ps2d line is valid and can be retrieved. The clock period of the ps2c signal is between 60 and 100 µs (i.e., 10K Hz to 16.7K Hz), and the ps2d signal is stable at least 5 µs before and after the falling edge of the ps2c signal.



18.1.2 Host-to-PS2-device communication protocol and timing

The host-to-PS2-device communication protocol involves bidirectional data exchange. The mouse’s data and clock lines are open-drain circuits. For our design purposes, we treat them as tristate lines. The basic timing diagram of transmitting a packet from a host to a PS2 device is shown in Figure 18.2, in which the data and clock signals are labeled ps2d and ps2c. For clarity, the diagram is split into two parts to show which activities are generated by the host (i.e., the FPGA-based controller) and which activities are generated by the device (e.g., a mouse). The basic operation sequence is as follows:

	The host forces the ps2c line to be 0 for at least 100 µs to inhibit any mouse activity. It can be considered that the host requests to send a packet.

	The host forces the ps2d line to be 0 and disables the ps2c line (i.e., makes it high impedance). This step can be interpreted as the host sending a start bit.

	The PS2 device now takes over the 	ps2c line and is responsible for future PS2 clock signal generation. After sensing the starting bit, the PS2 device generates a 1-to-0 transition.

	Once detecting the transition, the host shifts out the least significant data bit over the ps2d line. It holds this value until the PS2 device generates a 1-to-0 transition in the ps2c line, which essentially acknowledges retrieval of the data bit.

	The host repeats step 4 for the remaining seven data bits and one parity bit.

	After sending the parity bit, the host disables the ps2d line (i.e., makes it high impedance). The PS2 device now takes over the ps2d line and acknowledges completion of the transmission by asserting the ps2d line to 0. If desired, the host can check this value at the last 1-to-0 transition in the ps2c line to verify that the packet has been transmitted successfully.
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Figure 18.2 Host-to-PS2-device timing diagram of a PS2 port.






18.2 PS2 CONTROLLER


18.2.1 Conceptual design

The top-level diagram of a PS2 controller is shown in Figure 18.3. It consists of the receiving subsystem, the transmitting subsystem, and a FIFO buffer. The tx_idle (for “transmitter idle”), rx_idle (for “receiver idle”), and rx_en (for “receiver enable”) signals are used to coordinate the transmitting and receiving operations so that only one type of operation can be performed at a time. The FIFO buffer is inserted after the receiving subsystem to provide some cushion space since a PS2 device may send packets continuously as we move a mouse or type on a keyboard. On the other hand, since the processor is expected to issue commands occasionally and it can control the rate, the transmitting subsystem does not need a buffer.
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Figure 18.3 Block diagram of a complete PS2 controller.





18.2.2 PS2 receiving subsystem

The basic design of the PS2 receiving subsystem consists of a falling-edge detection circuit, which generates a one-clock-cycle tick at the falling edge of the ps2c signal, and a shift circuit, which shifts in and assembles the serial bits. An FSMD is used to coordinate the overall operation.

The edge detection circuit detects the falling edge of the incoming clock signal and generates an enable tick. Because of the potential noise and slow transition, a simple filtering circuit is added to eliminate glitches. Its code is


[image: image]

The circuit is composed of an 8-bit shift register and returns a 1 or 0 when eight consecutive 1’s or 0’s are received. Any glitch shorter than eight clock cycles will be ignored (i.e., filtered out). The filtered output signal is then fed to the regular falling-edge detection circuit. The cascading registers of the filtering circuit also function as a synchronizer.

The ASMD chart of the receiver is shown in Figure 18.4. The receiver is initially in the idle state. It includes an additional control signal, rx_en, which is used to enable or disable the receiving operation. The purpose of the signal is to coordinate the receiving subsystem operation. After the first falling-edge tick and the rx_en signal are asserted, the FSMD shifts in the start bit and moves to the dps state. In the dps state, ten bits, which include eight data bits, one parity bit, and one stop bit, are sampled at the falling edge of ps2c and the first nine bits are shifted into the b register. The FSMD then moves to the load state, in which one extra clock cycle is provided to complete the shifting of the stop bit.
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Figure 18.4 ASMD chart of the PS2 port receiver.



There are two output signals. The rx_idle signal indicates whether the receiving subsystem is idle. The rx_done_tick signal is asserted in the load state for one clock cycle to indicate the completion of receiving a packet. The HDL code consists of the filtering circuit and an FSMD, which follows the ASMD chart. It is shown in Listing 18.1.



Listing 18.1 PS2 port receiver
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There is no error detection circuit in the description. A more robust design should check the correctness of the start, parity, and stop bits and include a watchdog timer to prevent the keyboard or mouse from being locked in an incorrect state.



18.2.3 PS2 transmitting subsystem

Unlike the receiving subsystem, the ps2c and ps2d signals communicate in both directions. A tristate buffer is needed for each signal. The tristate interface is shown in Figure 18.5. The tri_c and tri_d signals are enable signals that control the tristate buffers. When they are asserted, the corresponding ps2c_out and ps2d_out signals will be routed to the output ports.
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Figure 18.5 Tristate buffers of the PS2 transmission subsystem.



To design the transmitting subsystem, we can follow the sequence of the preceding protocol to create an ASMD chart, as shown in Figure 18.6. The FSMD is initially in the idle state. To start the transmission, the main system (e.g., a processor) asserts the wr_ps2 signal and places the data on the din bus. The FSMD loads din, along with the parity bit, par to the shift_reg register, loads 1...1 to c_reg, and moves to the waitr (for “wait receiving”) state. In this state, it examines the rx_idle signal to determine whether any receiving operation is in progress and waits there until the operation is completed. The FSMD next moves to the rts (for “request to send”) state. In this state, the ps2c_out is set to 0 and the corresponding tri_c is asserted to enable the corresponding tristate buffer. The c_reg is used as a 13-bit counter to generate an 82-µs delay. The FSMD then moves to the start state, in which the PS2 clock line is disabled and the data line is set to 1. The PS2 device now takes over and generates a clock signal over the ps2c line. After detecting the falling edge of the ps2c signal through the fall_edge signal, the FSMD goes to the data state and shifts eight data bits and one parity bit. The n register is used to keep track of the number of bits shifted. Subsequently, the FSMD moves to the stop state, in which the data line is disabled. It returns to the idle state after sensing the last falling edge.
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Figure 18.6 ASMD chart of the PS2 transmitting subsystem.



Similar to those of the receiving subsystem, the tx_idle signal indicates whether the transmission subsystem is idle and the tx_done_tick signal is asserted for one clock cycle when the transmission operation is completed. The code follows the ASMD chart and is shown in Listing 18.2. A filtering circuit is also used to generate the fall_edge signal.



Listing 18.2 PS2 port transmitter
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As in the receiving subsystem, there is no error detection circuit in this code.



18.2.4 Complete PS2 system

The top-level HDL code follows the diagram in Figure 18.3 and instantiates the three major components. It is shown in Listing 18.3.

Listing 18.3 Complete PS2 system


[image: image]

The parameter W specifies the size of the FIFO buffer.




18.3 PS2 CORE DEVELOPMENT

We can follow the procedure in Section 11.3.2 to add a wrapping circuit for the PS2 controller and create an MMIO IP core.


18.3.1 Register map

The processor interacts with the PS2 controller as follows:


	receive (i.e., read) an 8-bit data packet from the PS2 controller’s receiving FIFO buffer.

	generate (i.e., write) a pulse to remove a packet from the receiving FIFO buffer.

	issue (i.e., write) an 8-bit command to a PS2 device.

	check (i.e., read) the ps2_rx_buf_empty signal to determine whether a packet is in the receiving FIFO buffer.

	check (i.e., read) the ps2_tx_idle signal to determine whether the transmitting subsystem is available.



Based on these interactions, we can define the PS2 core’s register map. For clarity, we separate the read and write operations into different registers. There is one read register. Its address offset and fields are


	offset 0 (read data and status register)

	– bits 7 to 0: 8-bit received data

	– bit 8: empty status of the receiving FIFO buffer

	– bit 9: idle status of the PS2 transmitter






There are two write registers. Their address offsets and fields are


	offset 1 (write data register)

	– bits 7 to 0: 8-bit transmitted data
 



	offset 2 (read data removal register) 

	– dummy data write to generate a pulse to remove a data byte from the receiving FIFO buffer








18.3.2 Wrapping circuit for the slot interface

Based on the register map and the I/O signals of the PS2 controller, we can derive a wrapping circuit that complies with the slot specification and create the PS2 core. The HDL code of the core is shown in Listing 18.4.



Listing 18.4 PS2 core


[image: image]

The wrapping circuit consists of a PS2 controller instance and a write decoding circuit. The FIFO buffer configuration imposes a separate write instruction to perform the removal operation, similar to the UART core discussed in Section 12.3.2




18.4 PS2 DRIVER

PS2 driver consists of two layers of routines. The methods in the lower layer retrieve raw byte data from the incoming stream and issue commands. The methods in the upper layer examine and decode the byte stream and extract and return the keyboard activities or mouse movement information.


18.4.1 Class definition

The class definition of the PS2 core is shown in Listing 18.5.



Listing 18.5 Ps2Core class definition (in ps2_core.h)


[image: image]



18.4.2 Lower layer methods

The class implementation of the constructor and the lower layer methods are shown in Listing 18.6.

Listing 18.6 Ps2Core class lower layer method implementation (in ps2_core.cpp)


[image: image]

The receiving FIFO buffer structure of the PS2 core is similar to that of the UART core and thus the corresponding reading methods of the UartCore class in Section 12.4 can be applied. The PS2 core does not use a transmitting FIFO buffer and the new methods just check the idle status and write the command byte to the core directly.



18.4.3 PS2 initialization routine

A PS2 device has an internal controller that monitors the device’s activities and encodes the activities into a byte stream following a predefined protocol. At power-on, the controller automatically resets the parameters to the default configuration and performs a diagnostic self-test. After passing the test, a PS2 keyboard transmits a 0xaa packet to a host and a PS2 mouse transmits two packets, 0xaa and 0x00, to a host.

While a PS2 host functions as a receiver most of the time, it can send a command to a PS2 device to inquire the status and set certain parameters, such as the typematic rate of a keyboard. The commands are in the form of 8-bit packets. After receiving the command, the PS2 device first transmits a 0xfa acknowledge packet and then performs the designated operation. The detailed commands can be found in the references of the bibliographic section.

The power-on default setting of a PS2 keyboard works properly for most applications and thus we can use the keyboard without ever sending any command. On the other hand, the power-on setting of a PS2 mouse is not adequate. We need to issue additional commands to configure the mouse in stream mode. The init() method performs the required mouse initialization. In the process, it also resets the device, verifies the existence of a PS2 device, and identifies the type of the PS2 device (i.e., a keyboard or a mouse). The procedure is summarized below:


	The host flushes the receiving FIFO buffer.

	The host issues a software reset command, 0xff.

	A device acknowledges with 0xfa and performs diagnostic self-test.

	If the test passes, a keyboard responds with a single packet of 0xaa and a mouse responds with two packets of 0xaa and 0x00. The host can identify the type of device by examining the response.

	If it is a mouse, the host sends command 0xf4 to enable the stream mode.

	The mouse acknowledges with 0xfa and the initialization completes.
 


The code of the init() method is shown in Listing 18.7.



Listing 18.7 init() method (in ps2_core.cpp)
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It returns a 1 for a keyboard, a 2 for a successfully initiated mouse, and a negative number for various error conditions.



18.4.4 Keyboard routine

Overview of the scan code

A keyboard consists of a matrix of keys and an embedded microcontroller that monitors (i.e., scans) the activities of the keys and sends the scan code accordingly. Three types of key activities are observed:


	When a key is pressed, the make code of the key is transmitted.

	When a key is held down continuously, a condition known as typematic, the make code is transmitted repeatedly at a specific rate. By default, a PS2 keyboard transmits the make code about every 100 ms after a key has been held down for 0.5 second.

	When a key is released, the break code of the key is transmitted.



The make code of the main part of a PS2 keyboard is shown in Figure 18.7. It is normally 1 byte wide and represented by two hexadecimal numbers. For example, the make code of the A key is 0x1c. This code can be conveyed by one packet when transmitted. The make codes of a handful of special-purpose keys, which are known as the extended keys, can have 2 to 4 bytes. A few of these keys are shown in Figure 18.7. For example, the make code of the right control key (labeled Ctrl) is 0xe0 0x14. Multiple packets are needed for the transmission. The break codes of the regular keys consist of 0xf0 followed by the make code of the key. For example, the break code of the A key is 0xf0 0x1c.
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Figure 18.7 Scan code of the PS2 keyboard.



A PS2 keyboard transmits a sequence of codes according to the key activities. For example, when we press and release the A key, the keyboard first transmits its make code and then the break code:

0x1c 0xf0 0x1c

If we hold the key down for a while before releasing it, the make code will be transmitted multiple times:

0x1c 0x1c 0x1c ... 0x1c 0xf0 0x1c

Multiple keys can be pressed at the same time. For example, we can first press the shift key (whose make code is 0x12) and then the A key, and release the A key and then release the shift key. The transmitted code sequence follows the make and break codes of the two keys:

0x12 0x1c 0xf0 0x1c 0xf0 0x12

The previous sequence is how we normally obtain an uppercase A. Note that there is no special code to distinguish the lowercase and uppercase keys. It is the responsibility of the host device to keep track of whether the shift key is pressed and to determine the case accordingly.

Implementation

The get_kb_ch() method reads a character from a keyboard. Because a PS2 keyboard contains many special-purpose keys and the keys can be pressed and released in an arbitrary combination (such as Ctrl-D and Ctrl-Alt-Del), developing a robust, comprehensive routine is quite involved and beyond the scope of this book. For our purposes, we use the keyboard to obtain “printable” ASCII characters and digits and develop a routine accordingly. Except for the shift keys, no other special-purpose key is processed. The main task of get_kb_ch() is to convert the scan codes to proper characters. Our implementation ignores the extended scan codes and assumes that these keys are not used.

In C and C++, a character is represented by the 8-bit char data type. The representations are based on ASCII codes, which are 7 bits and consist of 128 code words (0x00 to 0x7f). The complete characters and their code words are shown in Table 12.1. There is no clear relationship between the scan codes and ASCII codes. A simple way to do the conversion is to define the mapping in a lookup table. In C, the lookup table can be defined as a one-dimensional constant array with the scan code as the index. The table for the lowercase characters is as follows:
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For example, we can use the expression SCAN2ASCII_LO_TABLE[21] to obtain the corresponding character of scan code 21, which is the letter c. In addition to the normal single-quoted characters, the table also contains 0’s, which correspond to undefined scan codes, and uppercase constants, which are special ASCII characters and unmapped keys. The special C characters consist of


[image: image]

The other uppercase constants correspond to the keys that don’t map to ASCII characters, such as the function keys (F1, ..., F12) and the control key (Ctrl). We can assign unused eight-bit values (0x80 to 0xff) to these keys and use them for special purposes. For example, we can display the help message when the F1 key is pressed.

A similar table is needed for the uppercase characters as well:


[image: image]

The code of the get_kb_ch() method is shown in Listing 18.8.



Listing 18.8 get_kb_ch() method (in ps2_core.cpp)
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The routine treats the two shift keys as special cases. It keeps track of whether a shift key is pressed and then uses the lowercase or uppercase lookup table accordingly. A static variable, sft_on, is used for tracking. The routine processes the received packets as follows:


	If it is the break code (i.e., beginning with a 0xf0 packet), remove two packets. If the code is for the shift key, clear sft_on to 0.

	If it is the make code of the shift key, set sft_on to 1.

	If it is the make code of another key, obtain the character value from the proper lookup table and return the character.



Note that this routine does not process other special keys but just returns their designated codes.



18.4.5 Mouse routine

Overview of PS2 mouse protocol

A computer mouse is designed to detect two-dimensional motion on a surface. Its internal circuit measures the relative distance of movement. A standard PS2 mouse reports the x-axis (right/left) and y-axis (up/down) movement and the status of the left button, middle button, and right button. The amount of each movement is recorded in a mouse’s internal counter. When the data is transmitted to the host, the counter is cleared to zero and restarts the counting. The content of the counter represents a 9-bit signed integer in which a positive number indicates the right or up movement and a negative number indicates the left or down movement.

The relationship between the physical distances is defined by the mouse’s resolution parameter. The default value of resolution is four counts per millimeter. When a mouse moves continuously, the data is transmitted at a regular rate. The rate is defined by the mouse’s sampling rate parameter. The default value of the sampling rate is 100 samples per second. If a mouse moves too fast, the amount of the movement during the sampling period may exceed the maximum range of the counter. The counter is set to the maximum magnitude in the appropriate direction. Two overflow bits are used to indicate the conditions.



Table 18.1 Mouse data packet format





	byte 1
	yv 
	xv 
	y8 
	x8 
	1 
	m 
	r 
	l 



	byte 2
	x7 
	x6 
	x5 
	x4 
	x3 
	x2 
	x1 
	x0 



	byte 3
	y7 
	y6 
	y5 
	y4 
	y3 
	y2 
	y1 
	y0 






The mouse reports the movement and button activities in 3 bytes, which are embedded in three PS2 packets. The detailed format of the 3-byte data is shown in Table 18.1. It contains the following information:


	x8, ..., x0: x-axis movement in 2’s-complement format

	xv: x-axis movement overflow

	y8, ..., y0: y-axis movement in 2’s-complement format

	yv: y-axis movement overflow

	l: left button status, which is 1 when the left button is pressed

	r: right button status, which is 1 when the right button is pressed

	m: optional middle button status, which is 1 when the middle button is pressed



During transmission, the byte 1 packet is sent first and the byte 3 packet is sent last.

A mouse has several different operation modes. The most commonly used one is the stream mode, in which a mouse sends the movement data when it detects movement or button activity. If the movement is continuous, the data is generated at the designated sampling rate. The init() method discussed in Section 18.4.3 enables this mode.

Implementation

After a mouse is initialized in stream mode, it sends a stream of packets when a movement or button activity is detected. The get_mouse_activity method extracts and assembles the information. The code is shown in Listing 18.9.



Listing 18.9 get_mouse_activity() method (in ps2_core.cpp)


[image: image]

[image: image]

The routine obtains three packets, extracts the information, and stores it to the proper fields. The sign extension is performed manually to extend the 9-bit movement data to the 32-bit integer data type. It is done by setting 24 MSBs to 1’s if the movement is negative (i.e., the MSB of the nine-bit data is 1).




18.5 TEST

The Nexys 4 DDR board does not have a PS2 port. However, it contains an “auxiliary microcontroller” configured as an USB HID (human interface device) host after the FPGA device is programmed. The microcontroller functions as a “USB mouse and keyboard protocol translator.” It has an emulated PS2 port and can generate an emulated PS2 data stream from a USB mouse or keyboard attached to the type A USB connector on the Nexys 4 DDR board (labeled as J5 and “USB Host”). The Nexys 4 DDR manual states that “only keyboards and mice supporting the Boot HID interface are supported.” It appears that some USB devices may not work due to their initialization requirements.

A simple test function is derived to verify the operation of the PS2 core. A USB mouse or keyboard must be connected to the Nexys 4 DDR board in advance. The code is shown in Listing 18.10. It first calls init() to determine the type of PS2 device (i.e., a mouse or a keyboard) and then performs the testing accordingly. If a mouse is attached, the function displays the mouse activities on the UART console in the form of [l,r,x,y], where l and r are left and right button status, and x and y are x-axis and y-axis movement. If a keyboard is attached, the function displays the pressed key. The test function exits after there is no activity for five seconds.



Listing 18.10 PS2 test function (in main_sampler_test.cpp)
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18.6 BIBLIOGRAPHIC NOTES

Three articles, “PS/2 Mouse/Keyboard Protocol,” “PS/2 Keyboard Interface,” and “PS/2 Mouse Interface,” by Adam Chapweske, provide detailed information on the PS2 keyboard and mouse interface. They can be found at the http://www.computerengineering.org site. Nexys 4 DDR FPGA Board Reference Manual contains more information about the USB HID emulation of the PS2 port.



18.7 SUGGESTED EXPERIMENTS

The mouse is used mainly with a graphic video interface. A custom mouse pointer sprite core is developed in Chapter 23. Additional experiments can be found in that chapter.


18.7.1 PS2 receiving subsystem with watchdog timer

There is no error-handling capability in the PS2 receiving subsystem in Section 18.2.2. The potential noise and glitches in the ps2c signal may cause the FSMD to be stuck in an incorrect state. One way to deal with this problem is to add a watchdog timer. The timer is initiated every time the fall_edge_tick signal is asserted in the dps state. The time_out signal is asserted if no subsequent falling edge arrives in the next 20 µs, and the FSMD returns to the idle state. Design the modified receiving subsystem, derive a testbench, and use simulation to verify its operation.



18.7.2 Keyboard-controlled LED flashing circuit

Consider the LED flashing circuit discussed in Experiment 10.10.2. Instead of switches and buttons, we can use the keyboard to send commands:


	Use the P (for “pause”) key to pause and resume the flashing operation.

	Use the following key sequence to enter the desired flashing period: F1 and then three digit keys (i.e., 000 to 999).

	All other keys or illegal sequences will be ignored.



Derive the revised program, and verify the operation.



18.7.3 Enhanced keyboard driver routine: part I

The get_kb_ch() method in Section 18.4.4 processes only the shift keys. Many additional functionalities can be added:


	Use the Caps Lock key to toggle between the lowercase and uppercase modes.

	Use the Caps Lock LED to indicate the status of the Caps Lock key.

	Use the Ctrl key for special functions (e.g., return a special Ctrl-C code when both the Ctrl and C keys are pressed).



Derive a new driver method and verify the operation.



18.7.4 Enhanced keyboard driver routine: part II

The get_kb_ch() method in Section 18.4.4 covers only the standard scan codes. A current keyboard usually contains extended scan codes for additional keys and these codes can be found in the references of the bibliographic section. Derive a new driver method to cover the extended scan codes and verify the operation.



18.7.5 Remote-mode mouse driver

An alternative to a mouse’s stream mode is the remote mode, in which the mouse only transmits data packets after receiving a read data command from the host. Detailed information can be found in the references of the bibliographic section. Derive new mouse driver methods using this mode and verify the operation.



18.7.6 Scroll-wheel mouse driver

In addition to the x- and y-axis activities, newer mice add a third dimension, which corresponds to the movement of the scroll wheel. Detailed information can be found in the references of the bibliographic section. Derive a new mouse driver method for this type of mice and verify the operation.







CHAPTER 19 
SOUND I: DDFS CORE


DDFS (direct digital frequency synthesis) is a scheme to generate tunable waveforms from a single fixed clock source. The main application of DDFS is in communication systems, usually involving the generation and modulation of high-frequency signals. However, in this book we mainly use it to generate audio-frequency signals. In this chapter, we implement this scheme and a one-bit DAC (digital-to-analog converter) to generate an audio-frequency sine wave. In the next chapter, we construct a custom circuit to generate the ADSR (attack-decay-sustain-release) amplitude envelope to mimic the sound of various musical instruments.


19.1 INTRODUCTION

Many communication-related applications need to generate a signal of specific frequency and phase. DDFS is a method of producing a tunable digital or analog waveform from a single fixed clock source. The data points of the waveform are first generated in digital format and then converted to analog format with a DAC and a low-pass filter. Because of the digital implementation, DDFS can offer fast switching between output frequencies, fine frequency resolution, and operation over a wide range of frequencies.



19.2 DESIGN AND IMPLEMENTATION

The DDFS scheme is versatile and flexible. We examine the synthesis and implementation of three types of waveforms:


	Digital waveform, which is a square wave with constant amplitude

	Unmodulated analog sine waveform

	Modulated analog sine waveform, in which the phase, frequency, and amplitude of the output signal can be controlled by another signal



After understanding the basic architecture, we can derive the HDL code accordingly.


19.2.1 Direct synthesis of a digital waveform

To synthesize a digital waveform, the DDFS scheme requires a register, which is known as the phase register or phase accumulator, and an adder, as shown in Figure 19.1. The output of the circuit is the MSB of the register. It is a square wave with the designated frequency and the duty cycle is close to 50%. The input is the fcw (for frequency control word) signal, which controls the frequency of the output signal. The value of fcw is added to the phase register in every clock cycle.


[image: image]

Figure 19.1 Block diagram for synthesizing a digital waveform.



To explain the operation of this scheme, let us first define the relevant parameters:


	N: the width (i.e., number of bits) of the register and adder

	fsys and tsys: the frequency and period of the system clock

	fout and tout: the frequency and period of the output signal

	M: the value of fcw



This system works as follows. For the phase register, its value starts from 0 and gradually increments to 2N − 1 and then wraps around. If we observe the MSB of the register in the process, it starts as 0, changes to 1 when the phase register reaches halfway of 2N −1, and then returns to 0 and repeats when the phase register wraps around. The duration of incrementing from 0 to 2N − 1 can be considered as one period of the MSB (i.e., tout). Since M is added to the phase register each time, it requires [image: image] additions to complete one circulation and the corresponding duration is [image: image] * tsys; i.e.,


[image: image]

The equation can be rewritten in terms of frequencies:


[image: image]

The [image: image] term can be considered the “resolution” of a DDFS system. As N increases, finer frequency can be obtained accordingly. The typical width of N is between 24 and 48 bits. Clearly, we can set M to a proper value to obtain the desired frequency:


[image: image]

The value of M must be rounded to a whole integer. The rounding error may introduce a small variation in tout and the effect is known as jitter.



19.2.2 Direct synthesis of an unmodulated analog waveform

Suppose that the N bits of the phase register are [image: image]. The digital waveform uses the MSB, pN–1, as the output. If we ignore the small jitter, it is a square wave with one-half 0 and one-half 1, each lasting [image: image]. The pN–1 bit essentially divides tout into two equal regions. The second MSB, pN–2, switches twice faster than pN–1. If we consider the pN–1 and pN–2 bits together, they divide tout into four equal regions. We can continue the process and divide tout to smaller and smaller regions. The regions are commonly referred to as the phases of the period and this is the reason that the register is known as a phase register.

We can generate an unmodulated analog waveform by mapping phases to digitized amplitude points and then converting the value to the analog format by a DAC. The conceptual diagram is shown in Figure 19.2. The phase-to-amplitude lookup table performs the mapping and can be implemented by a ROM or RAM. The DAC converts the digitized amplitude value to an analog value and the low-pass filter removes unwanted high-frequency signals. The “shape” of an analog waveform is determined by the values loaded to the lookup table and thus the DDFS scheme can generate any type of analog waveform. The sine waveform is used in most applications.


[image: image]

Figure 19.2 Block diagram for synthesizing an analog waveform.



It is neither practical nor necessary to use all N bits for the lookup table. We usually use 8 to 10 MSBs from the N-bit phase register output. It is labeled S in the diagram. For example, to use an 8-bit (i.e., 28 entries) lookup table to implement the sine function, we can divide one period into 256 equally spaced points, obtain the corresponding values, and load them into the lookup table. During the DDFS operation, the lookup table is swept every tout seconds and the corresponding output waveform is sin(2πfoutt). A larger S value increases the size of the lookup table but puts less constraint on the low-pass filter.



19.2.3 Direct synthesis of a modulated analog waveform

DDFS is used widely in communication applications. A typical communication system involves two types of signals: a low-frequency message signal, such as an audio signal, and a high-frequency carrier signal to convey the message, such as the radio-frequency sine signal. Modulation is the process of modifying the carrier signal in accordance with the message signal. The carrier signal is usually a sine waveform and the message can be used to adjust its amplitude, frequency, phase, or a combination of them. Assume that the carrier signal is sin(2πft). The modulated signals become the following:


	Amplitude modulation: A(t) * sin(2πft)

	Frequency modulation: sin(2π(f +Δf(t))t)

	Phase modulation: sin(2πft +Δp(t))



The A(t), Δf(t), and Δp(t) terms are slow time-varying signals that embed the message.

A DDFS system can incorporate the desired modulation scheme by inserting an additional adder or multiplier in its path. We can actually construct an extended DDFS system that supports all three modulation schemes. Instead of sin(2πft), the extended system generates A(t) * sin(2π(f + Δf(t))t + Δp(t)). The expanded diagram is shown in Figure 19.3. We assume that the A(t), Δf(t), and Δp(t) terms are pre-processed and converted to a proper digitized format:


	fccw: the frequency control word to generate the carrier frequency, f

	focw: the frequency control word to generate the offset frequency, Δf(t)

	pha: the phase value corresponding to the desired phase offset, Δp(t)

	env (for envelope): the digitized value of A(t)
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Figure 19.3 Block diagram for synthesizing a modulated analog waveform.



The bus widths are the ones used in our implementation in Section 19.4.




19.3 FIXED-POINT ARITHMETIC

The amplitude modulation requires multiplication. Ideally, the floating-point data type should be used since it provides a large range and good precision. However, its complexity can severely degrade software performance and complicate the design of a dedicated hardware accelerator. An alternative is to use the fixed-point data type, which requires only simple modification over the integer data type.

The fixed-point data type is essentially an integer that is scaled by a specific factor. For explanation purposes, let us first consider the fixed-point data type in the decimal number system. For example, let us assume a fixed-point data type with five decimal digits and a scaling factor of 10–3 . The value 12.345 can be represented as 12345 (i.e., 12345 * 10–3). The scaling factor corresponds to the exponent of the floating-point data type. Unlike the floating-point data type, the scaling factor is the same for all entities of the same type and does not change during the computation. This particular data type can be interpreted as a five-digit integer type with an implicit decimal point after the second most significant digit. Thus, the value 12345 becomes 12.345. One way to represent a fixed-point data type is the Qm.f notation, in which m represents the number of integer digits and f represents the number of fractional digits. The previous data type can be represented in a Q2.3 format.

To add or subtract two numbers in the same fixed-point type, it is sufficient to add or subtract the underlying integers and keep their common scaling factor. The result is in the same type, as long as no overflow occurs. In other words, if the two numbers are in the Qm.f format, the sum will also be in the Qm.f format. The addition and subtraction thus are actually identical to those in the integer data type except that we assume that there is an implicit decimal point after the mth digits.

To multiply two fixed-point numbers, it suffices to multiply the two underlying integers. Unlike the addition operation, the resulting scaling factor changes. It becomes the product of the two scaling factors of the two numbers. For example, suppose that 12345 and 00025 are in Q2.3 format, which are interpreted as 12345 * 10–3 and 00025 * 10–3 (i.e., 12.345 and 0.025). The five-digit integer multiplication leads to a ten-digit product 0000308625, which is interpreted as 308625 * 10–6 (i.e., 0.308625). In other words, if the two numbers are in the Qm.f format, the product will be in the Q2m.2f format. For a fixed-point operation, it is desirable to have the product in the same Qm.f format. This can be done by trimming the m most significant digits and f least significant digits. In the previous example, the trimmed product becomes 00308, which is interpreted as 308 * 10–3 (i.e., 0.308). When using a fixed-point data type, we usually know the range of operation in advance and select a format to ensure that no overflow occurs after multiplication; i.e., the m most significant digits in the product are always 0’s. Thus, we only need to perform the shift-right operation to remove the f least significant digits.

The main advantage of the fixed-point data type is in its implementation. We can use the same integer arithmetic operations, plus shift operation, for the real numbers. However, the fixed-point data type operations tend to lose precision even if all operations are within the range. For example, the previous fixed-point multiplication can be rewritten as 12345 * 10–3 * 25 * 10–3 = 308 * 10–3, in which the product only has three digits of accuracy. If the floating-point data type is used, the multiplication can be expressed as 12345 * 10–3 * 25 * 10–3 = 30862 * 10–5, in which the product maintains five digits of accuracy. If the computation involves a larger number of iterations, the inaccuracy may be accumulated and lead to a much larger error.

In a digital system, the fixed-point data type is based on the binary system. The basic properties are similar to those in the decimal system except that binary bits are used in place of decimal digits. In the rest of the chapter, both the software and hardware implementations are based on the binary representation.



19.4 DDFS CONSTRUCTION

We can construct the digital portion of a DDFS circuit following the diagram in Figure 19.3. We use the following parameters in the design:


	fsys: 100 MHz, which is the frequency of the onboard clock

	N: 30 bits

	Width of the lookup table address: 8 bits (i.e., 28 entries)

	sine wave amplitude resolution (i.e., number of bits of a lookup table entry): 16 bits in signed format



The 30-bit-wide phase register can obtain about 0.1-Hz resolution (i.e., [image: image]).

The size of the lookup table is 28-by-16 (i.e., 4K bits) and can be implemented by a synchronous ROM discussed in Section 7.4.5. The HDL code is shown in Listing 19.1.



Listing 19.1 Sine lookup table


[image: image]

The top-level DDFS system code follows the diagram in Figure 19.3 and is shown in Listing 19.2.



Listing 19.2 DDFS system


[image: image]

Note that both the lookup table output (i.e., amp) and env are 16 bits wide. After multiplication, we need to trim the 32-bit multiplication result back to 16 bits. This issue can be solved by representing the signals in the fixed-point format. Suppose that amp is in the Q16.0 format and the range of env is [–1.0, 1.0]. To represent the range, we may be tempted to use Q1.15. However, the most positive number in this format is 011...11, which corresponds to 1 – 215 , and the range is like [–1.0, 1.0). This range is not ideal since it is desirable to include the value of 1.0, which represents no attenuation. A better alternative is the Q2.14 format, in which –1.0 and +1.0 are represented by 1100...00 and 0100...00, respectively. Note that the range of this format is larger than [–1.0, 1.0]. To ensure the correct operation, we must artificially limit the env input within this range. The multiplication result, modu, is in the Q18.14 format. We need to select the appropriate portion of the modu signal and trim it back to the Q16.0 format (i.e., 16-bit signed integer) to match the input format of the DAC. It is fed to an output register, pcm_reg.

There are two outputs. The pulse_out signal is the square wave and the pcm_out signal is the digitized sine wave, a format commonly referred to as PCM (pulse code modulation).



19.5 DAC (DIGITAL-TO-ANALOG CONVERTER)

Converting the PCM signal to a true analog signal requires a DAC (digital-to-analog converter) and a low-pass filter to remove high-frequency noises. We use a one-bit delta-sigma DAC, which generates PDM (pulse density modulation) output and can be realized by pure digital logic without any analog component. In our configuration, the frequency of the system clock is 100M Hz and the frequency of the generated audio signal is around 20K Hz. The oversampling leads to a satisfactory result. Furthermore, the delta-sigma scheme performs noise shaping, which “pushes” quantization noises into the high-frequency range. This imposes fewer constraints on the subsequent low-pass filter. A theoretical analysis of the delta-sigma modulation is beyond the scope of the book. After providing an overview of the basic concept, we mainly focus on its implementation.


19.5.1 Conceptual design

A one-bit delta-sigma DAC generates a PDM output. It is a sequence of pulses that can be at a low-voltage level (i.e., logic ’0’) or high-voltage level (i.e., logic ’1’) and can switch in every clock period. Note that the pulses are driven by the system clock, whose frequency is much faster than the frequency of the analog sine audio signal. The density of the high-voltage pulses corresponds to the amplitude of the analog signal. The input waveform (which is in the PCM format) and the output PDM waveform are illustrated in Figure 19.4. The gray grid represents one clock period.


[image: image]

Figure 19.4 Input and output of a PDM circuit.



The conceptual block diagram of a one-bit delta-sigma DAC is shown in Figure 19.5. It consists of a delta-sigma modulation circuit and a one-bit ADC. The delta term refers to the subtraction operation and the sigma term originats from the Σ symbol used in mathematics and refers to the summation operation. We assume that the PCM input is in the 16-bit unsigned integer format, whose range is between 0x0000 and 0xffff. The data width is expanded to 17 bits internally. The main part of the system is a sigma accumulator, which is composed of an adder and a register. It continuously adds the input PCM data samples. If the accumulation exceeds the maximum value of 0xffff, the PDM pulse becomes ’1’ and the amount of 0x10000 is subtracted from the accumulation. The one-bit ADC circuit simply converts logic ’0’ and logic ’1’ into two PCM values of 0x00000 and 0x10000. Clearly, more (i.e., “denser”) high-voltage pulses will be generated if the PCM amplitude is larger.


[image: image]

Figure 19.5 Conceptual block diagram of a one-bit delta-sigma DAC.





19.5.2 HDL implementation

The actual implementation of the one-bit delta-sigma DAC system is simpler than the conceptual block diagram shown in Figure 19.5. This is based on two observations. First, the comparator can be eliminated. Note that the internal data width of the PDM signal is 17 bits wide. If the output of the sigma register is greater than 0x0ffff, it must be in the form of 0x1dddd, where dddd can be any value. Thus, the MSB can be used as the output and no comparator is needed.

Second, the subtractor can be eliminated. The output from the sigma register can be either 0x1dddd or 0x0dddd. If it is 0x1dddd, the MSB of ’1’ causes the one-bit ADC to output 0x10000. After subtraction, 0x0dddd will be fed back and added to the sigma accumulator. If it is 0x0dddd, the MSB of ’0’ causes the one-bit ADC to output 0x00000 and 0x0dddd will be fed back and added to the sigma accumulator. In either case, 0x0dddd is used. Thus, we can simply append a 0 to the 16 LSBs and use it as the feedback value.

The corresponding HDL code is shown in Listing 19.3. Note that the output of the DDFS lookup table is converted from a 16-bit signed format to a 17-bit unsigned format. It is first sign-extended to 17 bits and then added with a bias of 0x08000.

Listing 19.3 One-bit delta-sigma DAC


[image: image]




19.6 DDFS CORE DEVELOPMENT

The main components of the DDFS core are the DDFS system and the one-bit delta-sigma DAC. Its output waveforms are controlled by four input signals, which are fccw, focw, pha, and env. The latter three are considered to be modulation signals. To make the core more flexible, we include an additional routing control so that the modulation signals can be connected either to core’s I/O registers, whose data is written by a processor, or directly to external signal sources. For simplicity, we use a fixed 30-bit phase accumulator (i.e., PW is set to 30).


19.6.1 Register map

The processor interacts with the DDFS system as follows:


	set (i.e., write) the value of fccw.

	set (i.e., write) the value of focw.

	set (i.e., write) the value of pha.

	set (i.e., write) the value of env.

	specify (i.e., write) the sources of the modulation signals.



Based on these interactions, we can define the DDFS core’s register map. There are five write registers. Their address offsets and fields are


	offset 0 (fccw register)

	– bits 29 to 0: 30-bit carrier frequency control word




	offset 1 (focw register)

	– bits 29 to 0: 30-bit offset frequency control word




	offset 2 (phase register) 

	– bits 29 to 0: 30-bit phase offset word 




	offset 3 (envelope register) 

	– bits 15 to 0: 16-bit amplitude modulation envelope in the Q2.14 format




	offset 4 (routing control register)

	– bit 0: source selection for the env signal (0 for I/O register and 1 for external signal)

	– bit 1: source selection for the focw signal

	– bit 2: source selection for the pha signal








19.6.2 Wrapping circuit for the slot interface

Based on the register map and the I/O signals of the DDFS system, we can derive a wrapping circuit that complies to the slot specification and create the DDFS core. The HDL code of the core is shown in Listing 19.4. It consists of an instance of the DDFS system, an instance of a one-bit delta-sigma DAC, five registers, a decoding circuit, and a source routing circuit.



Listing 19.4 DDFS core


[image: image]
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19.7 DDFS DRIVER

The driver consists of a set of routines to configure the DDFS core’s parameters.


19.7.1 Class definition

The class definition of the DDFS core is shown in Listing 19.5.



Listing 19.5 DdfsCore class definition (in ddfs_core.h)
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The first enum definition uses symbolic names for the four register offsets. The second enum definition specifies the width of the DDFS phase accumulator, which is 30 bits wide.



19.7.2 Class implementation

The class implementation of the constructor and the configuration methods is shown in Listing 19.6.



Listing 19.6 DdfsCore class implementation (in ddfs_core.cpp)
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The DdfsCore() constructor saves the base address, selects the core’s registers as the modulation sources, and sets the frequency to 262 Hz.

The set_carrier_freq() and set_offset_freq() methods calculate carrier and offset frequency control words and write them to the respective registers. The calculation is based on the formula, [image: image]. The set_phase_degree() method calculates the phase control word and writes it to the register. The input phase offset is represented in degrees. Since 2N steps in the phase register represent one period, which is 360 degrees, the amount to be added to the phase register is [image: image]. The set_env() method calculates the amplitude of the envelope and writes it to the register. The amplitude is represented as a real number between –1.0 and +1.0. The method converts it into the Q2.14 format.

The set_fow_source() method selects the source of the frequency modulation signal. It sets the corresponding bit in the ch_select_reg variable and writes the variable to the register. If the channel parameter is 1, an external signal is used as the source. If it is 0, the core’s focw_reg register is the source. This setting allows the software to generate the modulation signal by writing to the core’s register. The set_env_source() and set_pha_source() methods are similar and select sources for amplitude modulation and phase modulation, respectively.




19.8 TEST

The main application of DDFS is in communication systems, usually involving the generation and modulation of high-frequency signals. However, in this book we mainly use it to generate audio-frequency signals. The Nexys 4 DDR board does not contain a DAC but includes an active fourth-order active filter, whose output is connected to a mono audio jack. It can be used in conjunction with the PDM output of the one-bit DAC for the audio-frequency signal. We can plug in an earphone or a powered speaker to listen to the sound generated by the DDFS system. Note that in the sampler FPro system an ADSR core is also instantiated and its output is connected to amplitude modulation input of the DDFS core.

For a board without a low-pass filter, a simple passive RC filter can be constructed on a breadboard. The design is discussed in a Xilinx application note in the bibliographic section.

The test routine demonstrates the basic operation of the DDFS system. Additional sound tests are performed in conjunction with the ADSR envelope generator in the next chapter. The code is shown in Listing 19.7. The test produces a single tone at 262 Hz (“middle C”), attenuates the volume via amplitude modulation, and generates a continuously sweeping siren sound via frequency modulation.



Listing 19.7 DDFS test function (in main_sampler_test.cpp)
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It will be helpful to have an oscilloscope to observe the output signal.



19.9 BIBLIOGRAPHIC NOTES

The DDFS circuit is a key component is today’s communication systems. Direct Digital Synthesizers: Theory, Design and Applications by J. Vankka provides detailed coverage of this subject. Basic concepts behind delta-sigma modulation and PDM can be found on the Wikipedia website. The Xilinx manual DS588, XPS Delta-Sigma Digital-to-Analog Converter (DAC), includes a discussion of the design of a low-pass RC filter.



19.10 SUGGESTED EXPERIMENTS

DDFS can be used to construct a music synthesizer and to generate special sound effects. These experiments are more interesting when implemented with the ADSR envelope generator and are listed in the next chapter. The experiments in this section focus mainly on the DDFS system itself.


19.10.1 Quadrature phase carrier generation

Many communication schemes require an additional 90-degree out-of-phase signal, known as the quadrature component. In other words, the sin(2πft) and cos(2πft) waveforms must be generated at the same time. Expand the DDFS circuit to generate both signals at the same time. Note that the FPGA’s internal memory module supports dual-port operation and thus two lookup operations can be done by using the same memory module.



19.10.2 Reduced-size phase-to-amplitude lookup table

The size of the lookup table can grow large when high-resolution output is needed. However, it can be reduced to one quarter of the original size by taking advantage of the symmetry of the sine function. We only need to include data points in the first quadrant (i.e., between 0 and [image: image]) and derive the rest of the data points using the following equations:


[image: image]

Design the new DDFS circuit using this approach, derive the HDL code, and verify its operation.



19.10.3 Additive harmonic synthesis

A harmonic is a signal whose frequency is an integer multiple of the fundamental frequency. For example, if the fundamental frequency is f, its harmonics are 2f, 3f, 4f, .... One scheme to generate synthesized music is to add attenuated harmonics to the original signal. Expand the DDFS IP core to allow the addition of three harmonics. The integer multiple and attenuation level of each harmonic can be controlled individually. Create the necessary software driver and verify its operation.



19.10.4 Simple function generator

Modify the DDFS system to generate a square wave, triangular wave, ramp wave, and sine wave. Use two additional bits in the control register as a selection signal to route the desired signal to output. Extend the DDFS core to include this feature, modify the driver, and use an oscilloscope to verify its operation.



19.10.5 Arbitrary waveform generator

To generate a sine waveform, the DDFS system uses a phase-to-amplitude lookup table for the sine function, as discussed in Section 19.4. Other waveforms can be generated if the values of a different (i.e., “arbitrary”) function are stored in the table. One way to write the lookup table is to add an additional field in the control register. After this field is asserted for one clock cycle, the subsequent 256 write operations will be used to write the lookup table sequentially. Extend the DDFS core, modify the driver, and use an oscilloscope to verify its operation.



19.10.6 Sample-based synthesis

After completing Experiment 19.10.5, use the enhanced core to perform sample-based synthesis. This is a scheme to create better sound by recording a sample from a real instrument and storing the waveform in the phase-to-amplitude lookup table. Use a microphone and the XADC core to record a note of an instrument (e.g., a harmonica), extract data points from one cycle, and store the results to the lookup table. Derive the software and verify its operation.







CHAPTER 20 
SOUND II: ADSR CORE

 
The DDFS core can generate an audio-frequency tone. An unmodulated tone is plain and uninteresting. One way to produce better sound is to modulate the sine wave with an ADSR (attack-decay-sustain-release) amplitude envelope, which is the scheme used in a music synthesizer. In the chapter, we construct a custom core to generate the ADSR envelope and use it as the amplitude modulation input of the DDFS core.

20.1 INTRODUCTION 

A musical instrument creates a direct acoustic sound. A music synthesizer imitates an instrument by producing electronic signals and playing them through a speaker. The unmodulated DDFS circuit can be used to generate the basic tone. Additional schemes, such as adding harmonic components and performing frequency modulation, can produce more interesting effects.

Applying an ADSR amplitude envelope is the most commonly used scheme and the foundation of a music synthesizer. The scheme is based on the observation that when a real musical instrument produces a note, the note’s loudness changes over time. It rises quickly from zero and then steadily decays. To model the effect, we can multiply the constant tone by a loudness ADSR envelope, which contains the attack, decay, sustain, and release segments. An ADSR envelope is shown in Figure 20.1. The contour of the envelope corresponds to pressing and releasing a key of a musical instrument, such as a piano. When a key is pressed, the loudness quickly rises to the maximum (attack segment), then falls fast (decay segment) to a rather constant level (sustain segment), which continues until the key is released. The sound then quickly fades away (release segment). We can imitate the sounds of different instruments by adjusting the levels and lengths of various segments.


[image: image]

Figure 20.1 ADSR envelope for a piano.



The ADSR envelope can be specified by two amplitude parameters and four timing parameters:


	Maximum level: the maximum amplitude the envelope can reach, which is labeled Amax in Figure 20.1 

	Sustain level: the amplitude of of the sustain segment, which is labeled Asus in Figure 20.1 

	Attack time: the time interval of the attack segment 

	Decay time: the time interval of the decay segment 

	Sustain time: the time interval of the sustain segment 

	Release time: the time interval of the release segment


To obtain better resolution in our design, we set the maximum level as a constant and represent the sustain level as a percentage of the maximum level. Thus, there are only five parameters. In software, the four timing parameters are defined in terms of milliseconds and the sustain level as a percentage in the floating-point format.

In communication terms discussed in Section 19.2.3, the original tone can be considered as the carrier signal and the ADSR envelope can be considered as the message. Applying the ADSR envelope essentially performs the amplitude modulation over the original tone.

20.2 ADSR ENVELOPE GENERATOR 

An ADSR envelope generator is a circuit that generates an amplitude envelope following the ADSR model. Its output can be connected to a DDFS as an external amplitude modulation signal. The generator can be constructed by an FSMD with an amplitude counter and a sustain time counter.

The ADSR circuit models the sound generation of a musical instrument. Its output does not run continuously. A single envelope is generated at a time and the generation is controlled by a trigger signal. We consider two types of triggering modes. The automatic mode uses a trigger signal as a “start” tick. When it is asserted, the circuit generates the predefined envelope. The real-time mode uses the trigger signal to mimic the operation of a key on the piano keyboard. The ADSR circuit monitors the trigger signal continuously. It initiates the operation when the trigger signal is asserted (i.e., key is pressed) and stays on the sustain segment until the trigger signal is deasserted (i.e., key is released). The automatic mode is used for the design in this section and the real-time mode is left as an exercise in Experiment 20.8.6.

20.2.1 Conceptual FSMD design 

We develop an FSMD to construct an ADSR envelope generator. The FSM uses the attack, decay, sustain, and release states to represent the four segments of the ADSR envelope. The data paths contain an amplitude counter and a sustain time counter.

The amplitude counter is used to generate the envelope amplitude. It is also used implicitly to determine the time spent in attack, decay, and release segments implicitly. In each segment, it increments or decrements a specific amount every clock cycle. The exact value can be calculated from the ADSR timing and amplitude parameters. Suppose that the desired attack time and the system clock period are tattack and tsys, and the maximum amplitude is Amax. There are tattack/tsys clock cycles in the attack segment. For the counter to reach Amax from 0 in tattack, the incrementing amount in each clock cycle must be [image: image]. The pre-calculated value becomes an external input signal. In the attack state, the FSMD increments the amplitude counter with this amount every clock cycle. When the counter reaches Amax, the FSMD moves to the decay state.

The decrementing amounts in the decay and release segments can be calculated in a similar fashion. Suppose that the desired decay time and the release time are tdecay and trelease, and the sustain amplitude is Asus. The decrementing amount in the decay segment is [image: image] and the decrementing amount in the release [image: image] segment. The FSMD decrements the counter in these states and transits to a new state when the counter reaches the threshold.

The amplitude is constant in the sustain segment and its interval is controlled by the sustain time. There are tsustain/tsys clock cycles in this segment. A separate sustain time counter is used for this purpose. The FSMD decrements the counter in the sustain state and moves to the release state when the counter reaches 0.

20.2.2 ASMD chart 

The ASMD chart of the ADSR envelope generator is shown in Figure 20.2. In addition to the attack, decay, sustain, and release states discussed earlier, the idle state is for the idle condition and the launch state is to facilitate the re-triggering. The start signal is the trigger to initiate the envelope generation. After it is asserted, the FSMD usually goes through the entire envelope generation process. However, if the start signal is asserted before completion (i.e., re-triggered), the FSMD aborts the current operation and starts a new one. Thus, the start signal is checked in every state and the FSMD moves to the launch state immediately if it is asserted.


[image: image]

Figure 20.2 ASMD chart of ADSR circuit. 



The two data registers, represented by a and t, are used for the amplitude counter and sustain time counter. The timing parameters are converted into incrementing and decrementing steps, as discussed in the previous subsection. They appear as external input signals, atk_step, dcy_step, rel_step, and sus_level, in the ADSR circuit. After start is asserted, the FSMD moves to the launch state and then the attack state, in which a is incremented with atk_step until it reaches MAX. The FSMD transits to the decay state, in which a is decremented with dcy_step until it reaches the designated sustain amplitude sus_level. The FSMD then moves to the sustain state, in which t is incremented until reaching sus_time. The FSMD then reaches the release state, in which a is decremented with rel_step until it becomes 0, and eventually returns to the idle state.

20.2.3 HDL implementation

The HDL code of the ADSR envelope generator can be derived following the ASMD chart, as shown in Listing 20.1.



Listing 20.1 ADSR envelope generator
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We use the 32-bit unsigned representation for the amplitude computation and define the maximum level, MAX, to be 0x80000000. It can be interpreted as the unsigned Q1.31 format and its range is between +0.0 and +1.0. The internal registers and input step signals are represented in this format. The output of the envelope generator is expected to be connected to the DDFS circuit’s amplitude modulation input, which is in the signed Q2.14 format. The last statement in the program does the format conversion.

In addition to the normal envelope generation, we include special bypass and mute operations. The former bypasses the envelope generation circuit completely by setting the envelope amplitude to the maximum value. The latter turns off the sound immediately by setting the envelope amplitude to 0. The two special operations are conveyed by all 1’s and all 0’s patterns in the atk_step input signal. A special output-checking code segment examines the two patterns and sets the output signal to special values when the patterns are detected.

20.3 ADSR CORE DEVELOPMENT 

The ADSR core is composed of the ADSR envelope generator and a wrapping circuit.

20.3.1 Register map

The processor interacts with the ADSR envelope generator as follows:

	generate (i.e., write) a pulse to start the generation. 

	set (i.e., write) the value of atk_step. 

	set (i.e., write) the value of dcy_step. 

	set (i.e., write) the value of sus_time. 

	set (i.e., write) the value of rel_step. 

	set (i.e., write) the value of sus_level. 

	check (i.e., read) the idle status and retrieve the envelope amplitude data.



Based on these interactions, we can define the ADSR core’s register map. There are six write registers. Their address offsets and fields are


	offset 0 (start register) 

	– dummy data write to generate a pulse to start the envelope generation




	offset 1 (attack step register)

	– bits 31 to 0: 32-bit attack step value 




	offset 2 (decay step register)

	– bits 31 to 0: 32-bit decay step value



	offset 3 (sustain time register)

	– bits 31 to 0: 32-bit sustain time 




	offset 4 (release step register) 

	– bits 31 to 0: 32-bit release step value 




	offset 5 (sustain level register)

	– bits 31 to 0: sustain level 






There is one read register. Its address offset and fields are 


	offset 8 (read data and status register)

	– bits 31 to 16: 16-bit envelope data 

	– bit 0: idle status 






20.3.2 Wrapped ADSR circuit

Based on the register map and the I/O signals of the ADSR envelope generator, we can derive a wrapping circuit that complies to the slot specification and create the ADSR core. The HDL code of the core is shown in Listing 20.2. It consists of an instance of the ADSR generator, five registers, and a decoding circuit.



Listing 20.2 ADSR core
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20.4 ADSR DRIVER 

The ADSR driver is composed of two sets of methods. The first set controls the basic operation and configures the ADSR envelope parameters. The second set generates a musical note with a specific frequency and duration. It incorporates both the calc_note_freq() and play_note() methods.

20.4.1 Class definition

The class definition of the ADSR core is shown in Listing 20.3.



Listing 20.3 AdsrCore class definition (in adsr_core.h)


[image: image]

The first enum definition uses symbolic names for the six register offsets. The second enum definition lists the constant patterns used in the ADSR controller. To reduce errors of interpreting 0x80000000 as a negative number, we use 0x7fffffff for the maximum amplitude instead. The relevant ADSR parameters are kept in the private section. Note that the attack time (ams), decay time (dms), sustain time (sms), and release time (rms) are represented in milliseconds, and the sustain level is represented as a fraction (between 0.0 and 1.0) of the maximum amplitude.

Since the ADSR generator’s output is fed to a DDFS circuit, the AdsrCore() constructor includes a parameter that is a pointer to a DDFS instance. From a pure C++ programming point of view, the AdsrCore class should be derived from the DdfsCore class and inherit its members. This implies that an AdsrCore instance implicitly controls the physical DDFS core and maintains its own “system state.” If a separate DdfsCore instance is created, it controls the same physical DDFS core and may lead to conflicting access. To maintain a clear view of the instantiated physical cores, we intentionally avoid deriving the AdsrCore class from the DdfsCore class.

20.4.2 Configuration methods

The class implementation of the constructor and the configuration methods is shown in Listing 20.4.



Listing 20.4 AdsrCore configuration methods (in adsr_core.cpp)
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The AdsrCore() constructor saves the base address and the DdfsCore instance and calls the initial method, init(), which sets up the DDFS circuit and then selects the external input as its amplitude modulation source.

The set_env() method inputs and stores various envelope parameters, which are expressed in terms of milliseconds, and calls write_adsr_reg(). The private write_adsr_reg() method converts the timing parameters from milliseconds into the increment and decrement steps discussed in Section 20.2.1 and writes them into the ADSR core’s registers. The uint32_t type is used for calculation and it is interpreted as a Q1.31 format.

The idle() method checks whether the ADSR is idle; i.e., whether the envelope generation is completed. The start() method writes the start register to generate a pulse to initiate the operation. The abort() method writes the predefined abort pattern to the attack time register to turn off the amplitude. The bypass() method writes the predefined bypass pattern to the attack time register to bypass the envelope generation and set the amplitude to the maximum value. The select_env() method selects a predefined envelope.

20.4.3 calc_note_freq() method

A musical note specifies the pitch of a sound. For our purposes, we treat pitch the same as frequency. The calc_note_freq() method calculates the frequency of a note at a specific octave. There are 12 notes in an octave, represented by C, C#, D, D#, E, F, F#, G, G#, A, A#, and B. The frequencies from octave 0 to octave 8 are summarized in Table 20.1.



Table 20.1 Note frequencies of nine octaves




	
	oct 0
	oct 1
	oct 2
	oct 3
	oct 4
	oct 5
	oct 6
	oct 7
	oct 8



	C
	16.4
	32.7
	65.4
	130.8
	261.6
	523.3
	1046.5
	2093.0
	4186.0



	C#
	17.3
	34.7
	69.3
	138.6
	277.2
	554.4
	1108.7
	2217.5
	4434.9



	D
	18.4
	36.7
	73.4
	146.8
	293.7
	587.3
	1174.7
	2349.3
	4698.6



	D#
	19.5
	38.9
	77.8
	155.6
	311.1
	622.3
	1244.5
	2489.0
	4978.0



	E
	20.6
	41.2
	82.4
	164.8
	329.6
	659.3
	1318.5
	2637.0
	5274.0



	F
	21.8
	43.7
	87.3
	174.6
	349.2
	698.5
	1396.9
	2793.8
	5587.7



	F#
	23.1
	46.3
	92.5
	185.0
	370.0
	740.0
	1480.0
	2960.0
	5919.9



	G
	24.5
	49.0
	98.0
	196.0
	392.0
	784.0
	1568.0
	3136.0
	6271.9



	G#
	26.0
	51.9
	103.8
	207.7
	415.3
	830.6
	1661.2
	3322.4
	6644.9



	A
	27.5
	55.0
	110.0
	220.0
	440.0
	880.0
	1760.0
	3520.0
	7040.0



	A#
	29.1
	58.3
	116.5
	233.1
	466.2
	932.3
	1864.7
	3729.3
	7458.6



	B
	30.9
	61.7
	123.5
	246.9
	493.9
	987.8
	1975.5
	3951.1
	7902.1





There is a simple relationship between two successive notes. If the frequencies of two successive notes are fi and fi+1, then
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The notes are standardized around the A note of octave 4 (A4), which is 440.0 Hz. The frequencies of other notes are then derived accordingly. The previous equation indicates that a frequency is doubled after one octave, that is,


[image: image]

The frequency of a specific note can be obtained by applying the first formula. However, since the direct calculation involves expensive floating-point operations, we use an alternative lookup table scheme. This scheme is based on the second formula. Note that if the frequency of a note in octave 0 is f0, the frequency in octave i becomes 2i * f0. We can store the precalculated frequencies of octave 0 in a table and obtain the frequencies in other octaves by multiplying the octave0 frequency with 2i . The multiplication operation corresponds to shift f0 to left i positions. The code is shown in Listing 20.5.



Listing 20.5 calc_note_freq() method (in adsr_core.cpp)
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20.4.4 play_note() method

This method plays a note for a specific interval. In music, a note can also include additional information to express the relative duration of a sound. A quarter note is considered as the basic unit. Its duration is twice the duration of an eighth note and four times the duration of a sixteenth note and is half the duration of a half note and a quarter the duration of a whole note. The tempo of a musical melody determines the exact time interval of a quarter note. It is usually defined in terms of BPM (beats per minute). For example, 120 BPM specifies that the interval of a quarter note is 0.5 second (500 milliseconds). The time intervals of other notes can be determined accordingly. For example, the time intervals of a whole note and eighth note are 2 seconds and 0.25 second, respectively.

One way to obtain the desired time interval is to adjust the sustain time of the amplitude envelope. Let the desired interval be T and the sustain time becomes


tsustain = T ‒ (tattack + tdecay + trelease)



The code is shown in Listing 20.6.



Listing 20.6 play_note() method (in adsr_core.cpp)
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20.5 TEST 

The physical setup for testing is the same as the DDFS core in Section 19.8. The test routine demonstrates the basic operation of the ADSR core. The code is shown in Listing 20.7. The test first plays the seven primary notes in octave 3 in unmodulated format (i.e., no envelope) and then plays the same notes in octaves 3, 4, and 5 with the predefined envelope, which is selected by slide switches.



Listing 20.7 ADSR test function (in main_sampler_test.cpp)


[image: image]

20.6 PROJECT IDEA 

One application of ADSR and DDFS system is to play a predefined melody, which is a sequence of musical notes. One simple representation of a melody is the RTTTL (ring tone text transfer language) format, which was developed for the cell phone’s ring tone. The RTTTL string for “Jingle Bells” looks like


[image: image]

It is divided into name, default value, and data sections, separated by a “:” character.

The name section is a string representing the name of the melody, as in JingleBell. The default value section sets the default values of the melody and includes three parts:


	Duration of note (as in d=8): which can be 1, 2, 4, 8, 16, and 32, representing whole note, half note, etc. 

	Octave (o=5): which can be 4, 5, 6, and 7. 

	Beats (b=112): which is the tempo in terms of beats per minutes.




The data sections contains a series of “note elements” separated by a “,” character.


The element is in “duration-note-octave-dot” form. The note portion can be p, a, a#, b, ..., g, and g#, representing pause (i.e., silence), A, A#, B, ..., G, and G#, respectively. The dot portion is a “(.)” character appended in the end. If it exists, the duration of the basic note is increased by half of its original value. The duration and octave portions are optional and, if not present, the default values will be applied. Following are a few examples (assume that the default values of “Jingle Bells” melody are used):


	a#:A# in octave 5 with a duration of an eighth note 

	4a#:A# in octave 5 with a duration of a quarter note 

	a#6:A# in octave 6 with a duration of an eighth note 

	4a#6:A# in octave 6 with a duration of a quarter note 

	4a#6.:A# in octave 6 with a duration of one and half quarter note 

	4p: pause for duration of a quarter note 



A program can parse the RTTTL string, extract the note and duration, and play the melody. It is left as an exercise in Experiment 20.8.1

20.7 BIBLIOGRAPHIC NOTES 

Basic concepts behind modulation and the ADSR envelope can be found on the Wikipedia website. The Theory and Technique of Electronic Music by M. Puckette discusses various techniques and their mathematical foundations of music synthesis. The book is available online and can be found by searching the title.

20.8 SUGGESTED EXPERIMENTS 

20.8.1 RTTTL music player

We want to develop a software program that can play the RTTTL melody discussed in Section 20.6. The program should parse the RTTTL string and call the play_note() method. Derive the code and verify its operation.

20.8.2 ADSR envelope testing

We want to develop a software program that can take ADSR parameters from the UART console and listen to its effect. Derive the code and verify its operation.

20.8.3 Pushbutton piano

Pushbutton switches can be used as piano keys to play synthesized music. Use the pushbutton and slide switches as follows:

	Five pushbutton switches on the Nexys 4 DDR board for five notes 

	Three slide switches for the octave 

	Three slide switches for the note duration 

	Two slide switches for the envelope



Note that a button cannot control the duration because the ADSR circuit constructed in Section 20.2.3 only supports the automatic mode. Derive the software code and verify its operation.

20.8.4 Keyboard piano

Repeat Experiment 20.8.3 but use a PS2 keyboard as the piano keyboard. Assign the PS2 keys for notes, octaves, note durations, and ADSR envelopes. Derive the software and verify its operation.

20.8.5 Keyboard recorder

For the keyboard piano in Experiment 20.8.4, we want to add an additional “recording feature” that records the notes and octaves played in an interval. Use one pushbutton switch to start and stop the recording session and another pushbutton switch to play back the stored information.

20.8.6 Real-time mode ADSR generator

The real-time mode mimics the operation of a key on the piano keyboard, as discussed in Section 20.2. The trigger signal controls the envelope initiation and the sustain time interval. The ADSR circuit initiates the operation when trigger is asserted. After progressing through the attack and decay intervals, the circuit stays on the sustain segment until trigger is de-asserted. Revise the original ADSR generator, modify the ADSR core and driver, and verify its operation.

20.8.7 Real-time mode pushbutton piano

Repeat Experiment 20.8.3 with the real-time mode ADSR generator designed in Experiment 20.8.6. Use the pushbuttons to control the sustain interval. Derive the software and verify its operation.

20.8.8 Merged DDFS and ADSR core

Merge the DDFS circuit and ADSR circuit into a single MMIO core. Derive the core and driver and verify its operation.

20.8.9 ADSR core with an automatic play FIFO buffer

A piece of music is represented by a sequence of notes and their durations. When playing the music, the main program must keep track of the duration of each note and initiate the following note in the proper time. To reduce the overhead in software, the ADSR core can add a FIFO buffer and a FIFO controller. The buffer stores the notes and their durations and the controller plays back the music. The main program only needs to fill the FIFO buffer. Derive the new core and driver and verify the operation.

20.8.10 ADSR core for frequency modulation

While the ADSR scheme is mainly applied for amplitude modulation, it can also be used for frequency modulation. Modify the sampler FPro system to include a second ADSR core and connect its output to the frequency modulation input of the DDFS core. Derive the system and test its effect.





PART IV 
EMBEDDED SOC III: VIDEO CORES 






CHAPTER 21 
INTRODUCTION TO THE VIDEO SYSTEM

A video monitor displays a visual image that is composed of pixels arranged as a two-dimensional grid. Since a pixel can only retain color for a short amount of time, it must be refreshed at a constant rate. A video system generates and processes the pixel data stream. This chapter demonstrates the construction of a basic video controller and introduces the concept of stream interface.

21.1 INTRODUCTION TO A VIDEO DISPLAY

21.1.1 Conceptual video display

A computer display screen is composed of pixels. The pixels are arranged as a two-dimensional grid, as shown in Figure 21.1. The resolution defines the number of distinct pixels in each dimension, usually quoted as width-by-height, as in 640-by-480. One horizontal row is referred to as a line and the entire screen is referred to as a frame. Note that the coordinate of the vertical axis increases downward.


[image: ]

Figure 21.1 Display screen.



The video display is based on an RGB color model, in which a color is sum of the three primary colors — red, green, and blue. A wide range of visible colors can be obtained by adjusting the intensities of the primary colors. A pixel of a color display actually contains three subpixels, corresponding to the three primary colors. The color depth specifies the number of bits used for a color representation. If one bit is used for each primary color (which means a color can be ether turned on or turned off), the color depth becomes three bits and eight (i.e., 23) distinctive colors can be displayed. Multiple bits can be used to specify the intensity of each primary color. For example, the true color mode has a color depth of 24 bits, in which eight bits are used for each primary color. More than 16 million (i.e., 224) distinctive colors can be displayed. In contrast, the monochrome mode uses a single bit for three pixels and the bit is used to turn on or off the three primary colors at the same time. Only two colors, black (all off) and white (all on), can be displayed.

A pixel can retain information for a very short amount of time and must be constantly refreshed. The data is fed to the display serially, pixel by pixel and line by line for the entire frame, as shown in Figure 21.1. To obtain flicker-free operation, the screen needs to be refreshed around 60 times per second; i.e., a refreshing rate of 60 Hz. This implies that a frame of data is transmitted to the display every  second.

21.1.2 VGA interface

VGA (Video Graphics Array) is a display hardware introduced with the IBM PS/2 PC in 1980s and is widely supported by PC graphics hardware and monitors. The term VGA is not precisely defined. It may refer to the 15-pin D-subminiature connector, the analog interface standard, or the 640-by-480 resolution. If clarification is needed, we use the terms VGA port, VGA interface, and VGA resolution to emphasize the specific aspect.

Although graphic hardware has improved significantly over time, VGA is considered as the lowest common denominator and supported by most graphic cards and monitors. In this book, we use VGA for the video subsystem development. Furthermore, we assume that the color depth is 12 bits (i.e., four bits for each color). The selection is based on the configurations of the Nexys 4 DDR and Basys 3 boards.

Although VGA is an old standard, the same design principles and concepts can be applied to systems with higher resolutions and larger color depths. The factors that affect “scaling” are discussed in Section 21.7.

21.2 STREAM INTERFACE

21.2.1 Random-access interface versus stream interface

In the FPro bus, the data transfer between the processor and I/O cores is based on the memory-mapped I/O scheme. This scheme constitutes a random-access interface. The term, random access, as in random-access memory (RAM), means that a data item can be accessed in the same amount of time regardless of the physical location of the data. In a transfer, the address line specifies the location and the control line indicates the type of transaction (e.g., read or write). The data is then transferred via the data line from or to the designated location accordingly.

The data transfer between a video source and a sink (such as the monitor) is very different. The pixel data is arranged in a predefined format and transmitted in a steady, continuous flow. This type of configuration constitutes a stream interface. The stream interface is intended to provide a high-speed unidirectional data link between two fixed points. It contains a data line and optional flow-control signals to regulate the data rate. The address line is not needed since the data is transmitted as a large batch in a predefined format. The control lines are not needed since the transfer is one direction and the link is between two fixed entities. In addition to video, the stream interface is used in audio processing, communication links, high-speed serial links, etc.

21.2.2 Flow control of the stream interface

A key task of a stream interface is to regulate the flow rate between the source (the subsystem that produces data) and the sink (the subsystem that “consumes” and processes the data). We consider three basic schemes of flow control in the book:


	Centralized flow control

	Distributed flow control with back pressure

	Distributed flow control with a FIFO buffer



The centralized flow control scheme uses a master circuit to coordinate the entire operation and there is only a stream data signal between a source and a sink, as shown at the top of Figure 21.2. The master circuit checks the status of subsystems and controls the rate of data generation.


[image: ]

Figure 21.2 Flow control conceptual diagrams.



The distributed flow control scheme uses a simple handshake protocol to exchange information between a source and a sink, as shown in the middle of Figure 21.2. A pair of signals, valid and ready, is included in the interface. The sink asserts the ready signal when it is ready to accept new data and the source asserts the valid signal when a new data item becomes available. The sink can apply back pressure via the handshake to slow down the source data generation.

In a stream interface, the sink’s “consumption rate” must be larger or equal to the source’s “production rate” to prevent data overflow. However, a source sometimes generates data in a “burst” and its peak rate may exceed the sink’s capability. To better see this, suppose an interface between a fast source and a slow sink. The source is running a 40M-Hz clock and can generate data packets at a peak rate of 40M packets per second. On the other hand, a sink is running a 10M-Hz clock and can process 10M packets per second. The source can reduce the rate to match the speed of the sink. The two possible scenarios are shown Figure 21.3. In the first scenario, the source generates packets in a periodic manner, one packet every four clocks, as shown at the top of the diagram. In the second scenario, it generates a four-packet burst and then becomes idle for 12 clocks, as shown at the bottom of the diagram. Although the average rate is still 10M packets per second, the peak rate reaches 40M packets per second.
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Figure 21.3 Periodic data streams versus burst data streams.



Many types of sources, such as an SDRAM, involve a large delay or overhead to obtain the first data item, so generating a burst of data is more efficient and sometimes necessary. To accommodate this type of source, a FIFO buffer can be added as a cushion, as shown at the bottom of Figure 21.2. For example, a four-word FIFO buffer can be used to accommodate the data burst discussed earlier. The empty and full status signals can be used to produce the handshake signals.

21.3 VGA SYNCHRONIZATION

Video data is transmitted in a steady, continuous stream. The term VGA synchronization refers to the mechanism to match the onset of a display’s internal scanning with the beginning of a frame and the beginning of a line. As stated in Section 21.1, the 640-by-480 VGA resolution is used for the video development in this book. The example and explanation in this section are based on this resolution.

21.3.1 Basic operation of a CRT monitor

The VGA standard was designed for CRT (cathode ray tube) monitors. Although CRT technology is no longer in common use, most modern LCD (liquid crystal display) monitors still include a VGA port. Studying the basic operation of a CRT monitor can help us understand the concept of video synchronization. A conceptual sketch of a monochrome CRT monitor is shown in Figure 21.4. The electron gun (cathode) generates a focused electron beam that traverses a vacuum tube and eventually hits the phosphorescent screen. Light is emitted at the instant that electrons strike a phosphor dot on the screen. The intensity of the electron beam and the brightness of the dot are determined by the voltage level of the external video input signal, labeled mono in Figure 21.4. The mono signal is an analog signal whose voltage level is between 0 and 0.7 V.
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Figure 21.4 Conceptual diagram of a CRT monitor.



A vertical deflection coil and a horizontal deflection coil outside the tube produce magnetic fields to control how the electron beam travels and to determine where on the screen the electrons hit. The electron beam traverses (i.e., scans) the screen systematically in a fixed pattern, from left to right and from top to bottom, as shown in Figure 21.5.


[image: ]

Figure 21.5 CRT scanning pattern.



The monitor’s internal oscillators and amplifiers generate sawtooth waveforms to control the two deflection coils. In a horizontal scan, the electron beam moves from the left edge to the right edge as the voltage applied to the horizontal deflection coil gradually increases. After reaching the right edge, the beam returns rapidly to the left edge (i.e., retraces) when the voltage changes to 0. The relationship between the sawtooth waveform and the scan is shown in Figure 21.6. An external horizontal synchronization signal, hsync, controls the generation of the sawtooth and thus determines the required time to traverse (i.e., scan) a row. The hsync is a digital signal and its ”1” and ”0” periods correspond to the rising and falling ramps of the sawtooth waveform, as shown in Figure 21.6. The vertical scan is performed in a similar way and its operation is controlled by an external vertical synchronization signal, vsync.


[image: ]

Figure 21.6 Timing diagram of a horizontal scan (with VGA resolution).



The operation of a color CRT is similar except that it has three electron beams, which are projected to the red, green, and blue phosphor dots on the screen. The three dots are combined to form a pixel. We can adjust the voltage levels of the three video input signals to obtain the desired pixel color.

21.3.2 Horizontal synchronization

A detailed timing diagram of one horizontal scan and its relationship to the monitor screen are shown in Figure 21.6. The screen of a CRT monitor usually includes a small black border, as shown at the top of Figure 21.6. The middle rectangle is the visible portion. The coordinates of the top-left and bottom-right corners are (0, 0) and (639, 479), respectively.

A period of the hsync signal contains 800 pixels and can be divided into four regions:


	Display: region where the pixels actually appear on the screen. The length of this region is 640 pixels.

	Retrace: region in which the electron beams return to the left edge. The video signal should be disabled (i.e., black) and the length of this region is 96 pixels.

	Right border: region that forms the right border of the display region. It is also known as the front porch (i.e., porch before retrace). The video signal should be disabled and the length of this region is 16 pixels.

	Left border: region that forms the left border of the display region. It is also known as the back porch (i.e., porch after retrace). The video signal should be disabled and the length of this region is 48 pixels.



The lengths of the right and left borders may vary for different brands of monitors.

21.3.3 Vertical synchronization

During the vertical scan, the electron beams move gradually from top to bottom and then return to the top. This corresponds to the time required to refresh the entire screen. The format of the vsync signal is similar to that of the hsync signal, as shown in Figure 21.7. The time unit of the movement is represented in terms of horizontal scan lines. A period of the vsync signal is 525 lines and can be divided into four regions:


	Display: region where the horizontal lines actually appear on the screen. The length of this region is 480 lines.

	Retrace: region that the electron beams return to the top of the screen. The video signal should be disabled and the length of this region is 2 lines.

	Bottom border: region that forms the bottom border of the display region. It is also known as the front porch (i.e., porch before retrace). The video signal should be disabled and the length of this region is 10 lines.

	Top border: region that forms the top border of the display region. It is also known as the back porch (i.e., porch after retrace). The video signal should be disabled and the length of this region is 33 lines.
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Figure 21.7 Timing diagram of a vertical scan (with VGA resolution).



As in the horizontal scan, the lengths of the top and bottom borders may vary for different brands of monitors.

21.3.4 Pixel clock rate

The pixel data needs to be fed to the VGA monitor at a specific rate to obtain the desired resolution and refresh rate. The pixel data is transmitted according to a pixel clock. Its rate is determined by three parameters:


	p: the number of pixels in a horizontal scan line. For 640-by-480 VGA resolution, it is
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	l: the number of lines in a screen (i.e., a vertical scan). For 640-by-480 VGA resolution, it is
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	s: the number of screens per second. For flicker-free operation, we can set it to

[image: ]



The s parameter specifies how fast the screen should be refreshed. To a human eye, the refresh rate must be at least 30 screens per second for the motion to appear to be continuous. To reduce flickering, the monitor usually has a much higher rate, such as the 60 screens per second specification above. The pixel clock rate can be calculated by the three parameters:
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The pixel data rate is lower than the clock rate because no pixel is generated in the retrace and porch intervals. The data rate is
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The pixel clock rate and data rate for other resolutions and refresh rates can be calculated in a similar fashion. Clearly, they increase as the resolution and refresh rate grow.
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Figure 21.8 Conceptual block diagram of the VGA synchronization circuit.



21.3.5 VGA synchronization circuit

A simplified block diagram of the VGA synchronization circuit and VGA monitor is shown in Figure 21.8. The VGA port has five active signals, including the horizontal and vertical synchronization signals, hsync and vsync, and three analog video signals for the red, green, and blue beams. Three DACs convert the video streams to the desired analog levels. The VGA synchronization circuit generates the hsync and vsync signals and synchronizes the incoming video data stream with these signals. It contains a frame counter, a decoding circuit, and an optional stream interface control circuit (for distributed flow control). This section describes the design and construction of the frame counter and the decoding circuit and Chapter 22 discusses the stream interface circuit.

Frame counter

A frame counter is composed of a horizontal counter and a vertical counter. The counting patterns resemble the horizontal scan and vertical scan of a screen. The horizontal counter is a mod-800 counter and the counts are marked on the top of the hsync signal in Figure 21.6. We intentionally start the counting from the beginning of the display region. This allows us to use the counter output as the horizontal (x-axis) coordinate. This output constitutes the hcount signal.

The vertical counter is a mod-525 counter, which increments once when the horizontal counter reaches the end of a line (i.e., 799). The counts are marked at the top of the vsync signal in Figure 21.7. Again, we intentionally start counting from the beginning of the display region. This allows us to use the counter output as the vertical (y-axis) coordinate. This output constitutes the vcount signal.

The HDL code of the frame counter is shown in Listing 21.1. To make it more flexible, we include an enable signal, inc, to enable or pause the counting, and two status signals, frame_start and frame_end, to indicate the beginning and end of a frame.



Listing 21.1 Frame counter
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The widths of the two counters should be $clog2(VMAX) and $clog2(HMAX) and defined as local parameters. However, to reduce clutter in the code, we set them to 11 bits, which should be large enough for most resolutions.

Decoding circuit

A decoding circuit generates the hsync and vsync from the counters. The hsync signal goes low when the horizontal counter’s output is between 656 and 751, as shown in Figure 21.6. The vsync signal goes low when the vertical counter’s output is 490 or 491, as shown in Figure 21.7.

In addition to the two signals, the decoding circuit also generates a video_on signal to indicate whether the current horizontal and vertical coordinates are in the displayable region. The signal turns off the video data (i.e., outputs 0 to make the display black) when the scan retraces or is within the border areas. It is asserted only when the horizontal count is smaller than 640 and the vertical count is smaller than 480, as shown in Figures 21.6 and 21.7.

The HDL code of a demo synchronization circuit is shown in Listing 21.2. We assume that the centralized flow control is used and thus no stream interface control circuit is included.



Listing 21.2 Demo synchronization circuit
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[image: ]

The code instantiates a frame counter and uses the counter’s outputs for decoding. The decoded signals and stream data are fed to a register to remove potential glitches. The VGA resolution imposes a pixel clock rate of 25M Hz, as discussed in Section 21.3.4. Since a system clock is 100M Hz, we can construct a two-bit mod-4 counter to obtain a 25M-Hz tick signal to control the increment of the frame counter. The circuit also outputs the frame counter’s values for reference.

Note that this clock-divider approach does not work in general since the system clock rate is usually not a multiple of the pixel clock rate. A better, more robust alternative is discussed in Chapter 22.

A simple test can be performed by connecting 12 switches to the vga_si_rgb port, which leads to a video stream of constant values. It generates a screen of a single color based on the switch values.

21.4 BAR TEST-PATTERN GENERATOR

We consider two types of modules in our stream video system — pixel generation circuit and pixel transformation circuit. A pixel generation circuit is a video source that generates a graphic frame to be displayed on the screen. A pixel transformation circuit performs certain operation on the pixel stream. We use a bar test-pattern generator circuit to demonstrate the construction of a pixel generation circuit in this section.

The bar test-pattern generator generates a screen with bars of available colors and bars of different shades of gray, as shown in Figure 21.9. The screen is divided into three regions. The top region demonstrates the grayscale, in which the intensities of red, green, and blue colors are identical. For a color depth of 12 bits, four bits is used for each color and thus 16 (i.e., 24) shades of gray can be generated.
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Figure 21.9 Bar testing screen.



The second region shows the primary colors and their combinations, which are red, green, blue, black (all off), cyan (green plus blue), yellow (red plus green), magenta (red plus blue), and white (all on). The bottom region displays a “rainbow color spectrum,” similar to that in Figure 14.5.

The inputs of the generator are x and y, representing the x- and y-coordinates of the current pixel. Based on the values of the coordinates, a color is produced. The y signal is used to determine the region. In regions 1 and 2, the MSBs of x set the shades or primary colors and implicitly form the bar. In region 3, the MSBs of x define the “segments” of Figure 14.5 and the LSBs derive the “ramps” of the three colors. The HDL code of the generator is shown in Listing 21.3.



Listing 21.3 Bar test-pattern generator
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If x and y are connected to the horizontal count and vertical count of a frame counter, the circuit generates a video pixel stream resembling that in Figure 21.1.

21.5 COLOR-TO-GRAYSCALE CONVERSION CIRCUIT

Video and image processing consist of many levels. A pixel transformation circuit performs pixel-level conversions and transformations, such as color space conversion, brightness adjustment, and edge detection. In this section, we use a color-to-grayscale conversion circuit for demonstration.

A video display is driven by red, green and blue signals and thus each color pixel is represented by a triple of r, g, and b, which corresponds to the intensities of the respective colors. On the other hand, the grayscale represents the overall light intensity or brightness of a pixel. Three color-to-grayscale conversion methods are suggested by GIMP (GNU image manipulation program):


	Lightness method: gray = 0.5 * max(r, g, b) + 0.5 * min(r, g, b)

	Average method: gray = 0.33 * r + 0.33 * g + 0.33 * b

	Luminosity method: gray = 0.21 * r + 0.72 * g + 0.07 * b



The lightness method takes the average of the most prominent and least prominent colors and the average method takes the average of three colors. The luminosity method uses a weighted average to account for human perception since human eyes are more sensitive to green and less sensitive to blue. The same formula is also used to obtain the Y component in the Y CrCb color space, which is used for video transmission and storage.

We use the luminosity method to construct a color-to-grayscale circuit that converts a color image to a “black-and-white” (i.e., grayscale) image. The HDL of the conversion circuit is shown in Listing 21.4.



Listing 21.4 Color-to-grayscale conversion circuit
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The code uses fixed-point arithmetic operation. We assume that the r, g, and b signals are in the Q4.0 format and the constant weights are in the Q0.8 format. The resulting grayscale signal, gray12, is in the Q4.8 format, and then trimmed to a Q4.0 gray signal.

21.6 DEMO VIDEO SYSTEM

We now create a simple system to demonstrate the basic operation of video stream processing and generation. The top-level diagram is shown in Figure 21.10. It is composed of a test-pattern generator, a color-to-grayscale conversion circuit, a video synchronization circuit, and two multiplexers. The first multiplexer selects the background color or the test-pattern generator’s output. It can also be interpreted as whether to bypass the generator. The second multiplexer selects the color or grayscale test screen. It can also be interpreted as whether to bypass the conversion circuit.

Since both the test-pattern generator and the color-to-grayscale conversion circuit are combinational circuits, the pixel stream is produced and consumed at the same time. The stream interface implicitly uses the centralized flow-control scheme discussed in Section 21.2. The frame counter of the sync_demo circuit drives both the generator and synchronization circuit and it can be considered as the “centralized controller.”
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Figure 21.10 Block diagram of the demo video system.



The HDL follows the block diagram and is shown in Listing 21.5. The bypass signals and background colors are connected to the discrete switches for physical testing.



Listing 21.5 Demo video system
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21.7 ADVANCED VIDEO STANDARDS

The VGA is the most basic video standard. After its introduction, the resolution and performance of displays improved continuously. Several other key standards, including SVGA (super VGA), XGA (extended graphics array), SXGA (super XGA), UXGA (Ultra XGA), and full HD (high-definition), and their main characteristics are listed in Table 21.1.



Table 21.1 Main characteristics of video display standards
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Resolution is the key parameter. The other characteristics are derived from the resolution. A refresh rate of 60 frames per second is used for calculation. The “pixels” column shows the total number of pixels in a frame. The “clock rate” column specifies the pixel clock rate. The values are obtained following the procedure in Section 21.3.4. Since the screen is refreshed at the same rate, a higher resolution leads to a higher clock rate.

The “frame buffer” column shows the required memory space to store a frame. It is determined by

bu f f er_size = pixel_per_frame * color_depth/8

The “data bandwidth” column indicates to the pixel data processed or transmitted per second. It is derived as

bandwidth = frame_per_second * pixel_per frame * color_depth/8

In the table, the “true-color” format, which has a color depth of 24 bits, is used for calculation of the last two columns.

In addition to resolution, newer standards, such as HDMI and DVI, use digital interface to transmit pixel data to the video display. Conceptually, the digital interface replaces the three DACs in Figure 21.8 with three SerDes (serializer/deserializer) blocks. The blocks convert the parallel data to serial data, perform 8b/10b line encoding, and then transmit the data through three high-speed serial links.

A high-performance memory system is needed to support the bandwidth and capacity imposed by the advanced video standards. Implementing such a system is very involved, as discussed in Section 7.5. Furthermore, the memory controller and interface circuit use proprietary IP cores and the implementation is usually device and board dependent. Since the goal of the book is to develop portable codes and illustrate the key hardware concepts, we use the basic VGA standard in Part IV. However, the same concepts and design practices can be “scaled” and applied to a high-performance video system as well.

21.8 BIBLIOGRAPHIC NOTES

The VGA standard is the most commonly used analog video interface. The Wikipedia website provides technical details and lists the available resolutions. Image processing is quite complex and involves many sophisticated algorithms. Design for Embedded Image Processing on FPGAs by D. G. Bailey discusses the basic concepts and algorithms and demonstrates how to use FPGA to realize these algorithms.

21.9 SUGGESTED EXPERIMENTS

21.9.1 Horizontal bar test-pattern generator

The test-pattern generator discussed in Section 21.4 generates a screen composed of three horizontal regions of vertical bars. Design an alternative screen that is composed of three vertical regions of horizontal bars and verify its operation.

21.9.2 Color channel selection circuit

A color channel selection circuit separates a color channel (which can be red, green, or blue) from the pixel data and blocks the other two colors (by making them 0’s). Incorporate this circuit into the demo video system in Section 21.6, and verify its operation.

21.9.3 Enhanced color-to-grayscale conversion circuit

The color-to-grayscale conversion circuit discussed in Section 21.5 is based on the luminosity method. We wish to expand the circuit to include the two other methods. A selection signal should be included to select the desired method. Design the new circuit, incorporate this circuit into the demo video system in Section 21.6, and verify its operation.

21.9.4 Square test-pattern generator: part I

A square test-pattern generator produces a screen as follows:


	A square lies on the middle of the screen.

	The side of the square can be 16, 32, 64, or 128 pixels and can be selected by switches.

	The color of the square can be set by switches.

	The background displays the complement color. The complement color of (r, g, b) is (1111 — r, 1111 — g, 1111 — b).



Design the new circuit, replace the bar test-pattern generator in the demo video system in Section 21.6, and verify its operation.

21.9.5 Square test-pattern generator: part II

In Experiment 21.9.4, the color of the square is set by switches. We can enhance the test-pattern generator by circulating a spectrum of colors through the square and its complementary background. This can be done by a circuit that generates the colors sequentially from the “rainbow spectrum” of Figure 14.5. Design the new circuit, incorporate it into the demo video system in Section 21.6, and verify its operation.

21.9.6 Square test-pattern generator: part III

In Experiment 21.9.4, the location of the square is fixed. We can enhance the test-pattern generator by animating the square. The square normally moves in a straight line. When reaching the boundary of the screen, it bounces back like a ball. The angle of reflection should be incremented each time to avoid a repeated path. Design the new circuit, incorporate it into the demo video system in Section 21.6, and verify its operation.

21.9.7 Square test-pattern generator: part IV

We can combine the features in Experiments 21.9.5 and 21.9.6. In the new generator, the square will advanced to the next color in the “rainbow spectrum” when it hits a boundary. Design the new circuit, incorporate it into the demo video system in Section 21.6, and verify its operation.





CHAPTER 22 
FPRO VIDEO SUBSYSTEM 


The ad hoc video subsystem in Chapter 21 demonstrates the basic concepts of video stream processing. This chapter introduces the video IP core architecture used in this book and illustrates the clock-domain-crossing techniques to accommodate different pixel clock rates. We now take a systematic approach that helps us construct a more versatile and robust subsystem and encourages IP reuse.

22.1 ORGANIZATION OF THE VIDEO SUBSYSTEM 

The video subsystem in Chapter 21 is constructed in an ad hoc manner. We introduce a more systematic approach in this chapter and create a video subsystem that can be integrated into the FPro bus. Our framework defines the general architecture and interface of an FPro video IP core and provides an easy way to integrate and reuse the cores to construct a custom embedded video subsystem.

22.1.1 Overview

The top-level FPro system diagram in Figure 9.2 is repeated in Figure 22.1. The bottom portion is the video subsystem. The main functionality of the subsystem is to generate, process, and display pixel data. It contains a collection of FPro video IP cores and a video controller.
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Figure 22.1 Top-level diagram of an FPro system 



An FPro video core inputs a pixel stream, performs computation or adds new contents to the stream, and then outputs the processed pixel stream. The video cores are arranged as a cascading chain and the pixel data travels through the chain stage by stage. The cores at the left are video sources that generate full-screen pixel data and stream it to the cores in the following stages. The cores in the middle perform certain transformations on the pixels or augment the frame with additional graphics. The stream is eventually routed to the video synchronization circuit, which is the rightmost core in the chain, and displayed on a monitor.

The cascading chain of video cores forms a dedicated path for the pixel data stream. To maintain a stable image on the monitor, the cores in the cascading chain must generate or process the pixel data at a constant data rate, which is 18.4M pixels per second for the VGA resolution, as discussed in Section 21.3.4. The nature of the dedicated stream data path is very different from the traffic flow in the MMIO subsystem, in which an MMIO I/O core exchanges data with the processor via the FPro bus sporadically.

22.1.2 Video controller

A video core may contain a collection of control registers and maintain a local memory to store image patterns. While the processor does not interact with the pixel stream directly, it writes the video core’s registers to configure its operation and updates its local memory with new patterns. The functionality of the video controller of the video subsystem is similar to the MMIO controller of the MMIO subsystem discussed in Section 11.5. It decodes the address and writes the data to the designated video core. Since a video core rarely connects to an external stimulus, it does not need to transmit data to a processor. Therefore, the controller does not implement the read functionality.

Recall that the MMIO subsystem can accommodate up to 64 (i.e., 26) I/O cores, each with 32 (i.e., 25) registers. Thus, the subsystem takes a 211-word memory space. Because a video core may contain a local memory for image pattern storage, it needs more memory space. On the other hand, the needed functionalities of the video subsystem are less diverse and thus the number of video cores in the subsystem is smaller. In addition to normal cores, the video subsystem includes a frame buffer core, which stores the pixel data of one screen (i.e., a frame). The memory space of the frame buffer core must be large enough to meet the storage requirement. Based on these criteria, we allocate the video subsystem memory space as follows:

	Eight (i.e., 23) slots for video cores, each with 16K (i.e., 214) words 

	One frame buffer core with 1M (i.e., 220) words 



The FPro system uses a 22-bit word space (i.e., 24-bit byte space) for the two subsystems. Its memory map (in terms of word) is


	0x xxxx xxxx xmmm mmma aaaa: 64 MMIO I/O cores, each with a 25-word address space 

	10 xxxv vvaa aaaa aaaa aaaa: 8 video cores, each with a 214-word address space 

	11 aaaa aaaa aaaa aaaa aaaa: 1 frame buffer core with a 220-word address space 



In the expression, x represents a “don’t-care” bit, a represents a local address bit, m represents a slot id bit of an MMIO core, and v represents a slot id bits of a video core. The map indicates the following:

	MSB is used to distinguish the MMIO subsystem and video subsystem (0 for the MMIO subsystem and 1 for the video subsystem). 

	In the video subsystem (in which MSB is 1), the second MSB is used to distinguish a normal video core and the frame buffer core (0 for a normal video core and 1 for the frame buffer core). 



The physical implementation of memory decoding of an FPro system is distributed in three components. The decoding of the MSB is done in the FPro bridge of Figure 22.1, which generates the fp_mmio_cs and fp_video_cs signals to enable the designated subsystem, as shown in Listing 11.7. The decoding within the MMIO subsystem is done by the MMIO controller and its HDL code is shown in Listing 11.5. The decoding within the video subsystem is done by the video controller. Its detailed implementation is discussed in the next subsection.

The memory allocation is aimed to simplify the address decoding and data routing. A large fraction of the space is not used. However, the 24-bit byte memory space only counts for [image: image] (i.e., [image: image]) of processor’s 32-bit memory space. It does not create any serious issues in an embedded system.

22.1.3 HDL of the video controller

The design and implementation of the video controller are similar to those of the MMIO controller. There are two modifications. First, since the video subsystem does not output data to the processor, no read signal or read data bus is needed. Second, because the memory mapping of the frame buffer core is different from that of the normal video slots, it is treated as a special case with a separate write interface and decoding logic.

As for the MMIO controller, two-dimensional arrays are used to facilitate the video core decoding:


[image: image]

The HDL code of the video controller is shown in Listing 22.1.



Listing 22.1 Video controller
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22.2 FPRO VIDEO IP CORE 

An FPro video IP core uses the similar architecture and utilizes the same interface. The core in fact can be regarded as the basic building block of a video subsystem. It simplifies the integration and enhances the modularity and reuse.

22.2.1 Basic functionality

An FPro video core inputs a pixel stream, performs computation or adds new contents to the stream, and then outputs the processed pixel stream. Based on the core’s functionality, it can be either a pixel transformation core or a pixel generation core.

A pixel transformation core performs certain computation on the incoming pixel stream and transforms it into a new format. The color-to-grayscale conversion operation discussed in Section 21.5 is a good example. The simplified conceptual diagram is shown in Figure 22.2(a). The transformed pixel stream and the original pixel stream are connected to a multiplexer in the output stage. The multiplexer selects and routes the desired stream to the next core in the chain. It provides a bypassing mechanism to skip the transformation when desirable.
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Figure 22.2 Two types of FPro video core. 



A pixel generation core functions as a video source and generates a new pixel stream. The stream is blended with the incoming stream to form a new stream. The test-pattern generation operation discussed in Section 21.4 is a good example. The simplified conceptual diagram is shown in Figure 22.2(b). It includes a blending circuit in the output stage. The core can produce pixel data for the entire screen or a small bit-mapped image, known as a sprite. A representative full-screen frame (the test pattern) and a sprite frame (a mouse pointer) are shown in Figure 22.3(a).


[image: image]

Figure 22.3 Chroma-key demonstration. 



22.2.2 Blending operation

Blending is the process to combine two video frames into a single frame. To facilitate our discussion, we can treat the two frames as two vertical layers. The top layer and bottom layer are known as a foreground frame and a background frame, respectively. An example is shown in Figure 22.3(a), in which the foreground frame is a mouse pointer sprite and the background frame is the test-pattern screen. There are several commonly used blending schemes:

	multiplexing (also known as binary alpha blending) 

	α blending (alpha blending) 

	chroma-key blending 

	chroma-key α blending 


In the FPro video subsystem, a pixel is composed with three color channels. Without loss of generality, we use f and b to represent a color of the foreground pixel and a color of the background pixel, respectively, and use r for the blended result.

The multiplexing scheme treats the frames as two independent video sources and selects one source and routes it to the output, just like a normal multiplexer. To be incorporated into the blending framework, it can be mathematically expressed as


[image: image]

The α can only assume a value of 0 or 1 in this scheme (and thus it is also known as binary alpha blending). The foreground frame is selected if it is 1 and the background frame is selected if it is 0. There is actually no blending or mixing between the two frames.

The α blending scheme combines the pixels from two frames and sets the relative “weight” of each frame. Its formula is
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Note that α now is a continuous value between 0.0 and 1.0. The α parameter can be interpreted as the “opacity level” of the foreground frame, which is the opposite of the “transparency level” of the background frame. When it is 1.0, the foreground frame is completely opaque and the background frame does not show at all. As its value decreases, the background frame starts to show. The background frame becomes more dominant as α continues to decrease and eventually becomes completely transparent as α reaches 0.0.

The chroma-key blending scheme is a technique to display a selective region of foreground frame on top of a background frame. In this scheme, a special preselected color is defined as the chroma key. The chroma key is used as the “background color” of a foreground frame. When two frames are blended, the pixels with the chroma key of the foreground frame are replaced by the corresponding pixels of the background frame. A simple example is demonstrated in Figure 22.3, in which the black color is defined as the chroma key. The foreground frame contains a simple mouse pointer in the black background, as shown at the right of Figure 22.3(a). When it is blended with the background frame, only the pointer maintains its pixels and the black pixels are replaced with pixels from of the background frame, as shown in Figure 22.3(b). The scheme can be applied multiple times to form a multi-layered image. Let us assume that the chroma key is CK. The chroma-key scheme then can be mathematically expressed as
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In video production, the green color is frequently used for the chroma key and this technique is also referred to as the green-screen scheme.

It is possible to combine the chroma-key blending and α-blending schemes together to make the selective region of the foreground frame semi-opaque. The equation then becomes
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22.2.3 Core architecture

The basic sketches of the video cores are shown in Figure 22.2. We define a more elaborate core architecture in this section. Because in this book we are mainly interested in the development of the pixel generation cores, the discussion is focused on this type of core. However, the concepts can be applied to the pixel transformation core as well.

Based on the nature of processing, an FPro video core can use a global or local frame counter. The block diagrams of the two basic types are shown in Figure 22.4. The main components are

	Pixel generation circuit 

	Blender 

	Video slot wrapping circuit 

	Optional local frame-counter and FIFO buffers


The blender merges the original pixel stream and the processed pixel stream. It is a circuit incorporating a blending algorithm similar to those discussed in Section 22.2.2. In addition to the blending operation, the circuit always incorporates the multiplexing functionality, which provides a bypass mechanism to skip the current operation. To maintain consistency, we include a one-bit bypass control register at the word location of 0x2000 in the wrapping interface of the video core.

The pixel data stream does not connect to the FPro’s I/O bus. However, the processor may need to write the video core to configure the pixel processing circuit or to control the blending operation. The FPro slot wrapping circuit is the interface circuit to the FPro video controller. It consists of a collection of registers and a decoding circuit and its design is similar to that of the write interface circuit of the MMIO core discussed in Section 11.2.

The pixel generation circuit gets the x-and y-coordinates as inputs and produces a pixel accordingly. The coordinates are generated by a frame counter. The video core can utilize an external frame counter or have a dedicated frame counter residing within the module. The first option is shown in Figure 22.4(a). It allows multiple cores to share the same frame counter and simplifies the stream interface between cores. The simple centralized flow-control scheme discussed in Section 21.2.2 can be used for this option. Most video cores discussed in this book utilize this option.

Sometimes it is not possible to synchronize all core operations. The second option includes a local, independent frame counter within the core, as shown in Figure 22.4(b). The lack of “global” information requires a more sophisticated stream interface, such as the distributed schemes discussed in Section 21.2.2. This scheme calls for an additional input FIFO buffer and a local frame counter. The video synchronization core discussed in Section 22.4 uses this option.
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Figure 22.4 Block diagram of an FPro video core. 



A complete video subsystem can be constructed by cascading the stream interfaces of the individual video cores, as shown at the bottom of Figure 22.1. Each core performs an additional transformation or adds an overlay to the top of the current frame.

22.2.4 Alternative core partition

An FPro video core is constructed with a pixel processing circuit, a blender, a slot wrapping circuit, and an optional FIFO buffer. The architecture imposes a single stream input and a single stream output. This leads to a video subsystem of cascading cores, as shown at the bottom of Figure 22.1. The straightforward configuration simplifies the coding and reduces potential errors. However, this configuration may occasionally be too restricted and limit the potential for parallel operations, such as routing a video source to several pixel processing chains concurrently.

An alternative partition scheme is to reduce the “granularity” of the cores. We can define the pixel processing circuit, the blender, and the FIFO buffer as a core, each with its own slot wrapping circuit. Although this partition scheme is more flexible, there will be many more components and stream data routing in the system level. This is doable with schematic entry. However, since the FPro system is derived with textual HDL codes, the fine partition makes the HDL code development tedious and error prone. Thus, this alternative scheme is not used in this book.

22.3 EXAMPLE VIDEO CORES 

The ad hoc video subsystem in Chapter 21 contains a color-to-grayscale conversion circuit and a bar test-pattern generator. The following subsections demonstrate the procedure to construct FPro video cores from the original circuits.

22.3.1 Bar test-pattern generator core

The bar test-pattern generator core follows the basic structure of Figure 22.4(a) and is composed of the bar test-pattern pixel generation circuit, a blender, and a slot wrapping circuit. It produces a full screen of pixels shown in the left panel of Figure 22.3(a). A global frame counter is used to supply the x-and y-coordinate signals.

The test-pattern pixel generation circuit is similar to the one discussed in Section 21.4. However, the video subsystem constructed in Section 22.5 assumes that a pixel generation core takes two clock cycles to produce a pixel data after obtaining the x-and y-coordinate signals from the global frame counter. A two-stage delay line is added to accommodate the requirement and the revised HDL code is shown in Listing 22.2.



Listing 22.2 Bar test-pattern pixel generation circuit
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The test-pattern pixel generation circuit produces a full-screen frame. It functions as an independent video source and its output is not likely to be mixed with the incoming background pixel data stream. Thus, the blender of the core should function as a switch that selects one of the two video sources and should be implemented as a multiplexer.

The operation of the test-pattern pixel generation circuit is fixed and does not involve any control signal. However, a one-bit selection signal is needed to choose the source of the multiplexer. The slot wrapping circuit contains a one-bit register and a decoding logic to write the register.

The HDL code follows the diagram in Figure 22.4(a) and is shown in Listing 22.3.



Listing 22.3 Bar test-pattern generator core
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The si_rgb and so_rgb ports are for the pixel streams. We use the si_ and so_ prefixes to represent the stream input and and stream output, respectively.

Since there is only one register within the core, the address decoding of the bypass control register can be omitted; i.e., the Boolean expression addr==14’h2000 is not needed in the condition of the statement:

assign wr_en = write & cs; 

22.3.2 Color-to-grayscale conversion core

The color-to-grayscale conversion core is a pixel transformation core. It is composed of the conversion circuit, a blender (which is a two-to-one multiplexer), and a slot wrapping circuit. The core performs conversion on the incoming stream pixel by pixel and does not need a frame counter to supply the coordinates. The circuit described in Listing 21.4 can be instantiated in the core.

Similar to the bar test-pattern generator core, the operation of the color-tograyscale circuit does not involve any control signal and the slot wrapping circuit is just an interface with a one-bit control register. The HDL code is shown in Listing 22.4.



Listing 22.4 Color-to-grayscale conversion core
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22.3.3 “Dummy” core

A dummy core is a “placeholder” in the video cascading chain. It simply connects the output stream to the input stream and is used to facilitate the system development. The HDL code is shown in Listing 22.5.



Listing 22.5 Dummy core
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22.4 FPRO VIDEO SYNCHRONIZATION CORE 

A video synchronization circuit supplies the pixels to a monitor at a rate specified by the pixel clock. The pixel clock rate depends on the resolution and refresh rate of a display standard, as shown in the “clock rate” column of Table 21.1.

In the ad hoc video system of Chapter 21, the system clock rate (100M Hz) is exactly four times that of the VGA pixel clock rate (25M Hz) and the synchronization circuit uses a mod-4 counter to obtain a 25M-Hz tick signal. However, since the pixel clock rate is independent of the system clock rate, this is just a coincidence and the scheme cannot be used for other scenarios.

In a general setting, a video subsystem should be able to accommodate various display resolution standards. It needs a flexible and robust video synchronization core to reliably transmit the video data stream from the system clock domain to the pixel clock domain. The most general and effective method is to use the FIFO-based distributed flow control, the third scheme discussed in Section 21.2.2.

We develop a more general video synchronization core for the FPro system. The conceptual diagram is shown in Figure 22.5. It contains a line buffer and an enhanced synchronization circuit.
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Figure 22.5 Conceptual diagram of the video synchronization core. 



Because the pixel generation cores and video synchronization circuit reside in different clock domains, they use their own frame counters. The synchronization circuit does not have access to the counter in other clock domain and thus cannot use it to identify the beginning of a frame. One scheme to resolve the issue is to transmit an additional start signal along with the pixel data. The start signal is used as a flag and asserted only at the beginning of a frame, when both the horizontal count and vertical count of the frame counter are 0’s. The pixel generation circuit produces this signal and transmits it along with the normal pixel data.

22.4.1 Line buffer

The FIFO buffer serves as a cushion between a source and a sink. In a video system, the buffer is usually set to be large enough to accommodate the pixel data of one horizontal line. This provides additional flexibility for the source to generate pixel data during the horizontal retrace interval. For example, in a VGA system, there are 800 pixel clock cycles in the horizontal line but only 640 clock cycles are used for data pixels. If the FIFO buffer can accommodate more than 640 words, the pixel generation circuit can use the extra 160 clock cycles to fill the buffer. Because of this, the buffer is referred to as a line buffer. To meet the specification of the VGA line buffer, the width of the FIFO should be 13 bits, which is composed of 12-bit color data and one-bit start signal, and the depth has to be at least 10 bits (i.e., ⌈log2 640⌉ bits), which corresponds to 210 words.

The FIFO buffer involves two different clock signals. The write portion is driven by the system clock and the read portion is driven by the pixel clock. Because of the potential metastability, the internal construction of a dual-clock FIFO buffer is different from that of the normal single-clock FIFO buffer discussed in Section 7.3. The design is beyond the scope of this book and additional information can be found in the bibliographic section. The Xilinx Artix device can configure its BRAM as a dual-clock FIFO buffer and a single 18 Kb BRAM module can accommodate the required 210-by-13 capacity. We use this module for our purposes. The FIFO macro core, FIFO_DUALCLOCK_MACRO, can be instantiated directly in the HDL code and the procedure is outlined in Appendix A.4.1. It uses the parameters of the instance to specify the desired configuration. The HDL code in Listing 22.6 shows a “wrapped” instance for the line buffer.



Listing 22.6 Xilinx BRAM-based dual-clock FIFO buffer
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The main input and output ports of the core are similar to those of Listing 7.8. However, it includes output ports for word counts and additional statuses. The almost_full and almost_empty signals are asserted after the numbers of words in a FIFO buffer reach the thresholds defined in the parameter mapping. For example, almost_full is asserted when there are fewer than 128 (i.e., x“0080”) words left.

The distributed stream interface consists of a pair of signals, ready and valid, to exchange control information between the source and sink. The line buffer functions as a sink for the pixel processing circuits and as a source for the enhanced synchronization circuit.  The HDL code of the line buffer is shown in Listing 22.7. It instantiates the dual-clock FIFO buffer and maps the FIFO buffer’s status and control signals to the stream interface’s signals.



Listing 22.7 Line buffer
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The si_ready signal is asserted when the FIFO buffer has space to accept new pixel data and is connected to the inverted almost_full signal of the FIFO buffer. It functions as a request signal for the pixel generation cores to produce new pixels. The si_valid signal is connected to the write enable signal of the FIFO buffer.

When a new pixel is available, the rightmost pixel generation core in the cascading chain can assert si_valid to store the data to the buffer.

The so_valid signal is asserted when the FIFO buffer has data available (i.e., is not empty) and is connected to the inverted empty of the FIFO buffer signal. The so_ready signal is connected to the read acknowledge signal of the FIFO buffer to remove data from the head of the FIFO buffer. The enhanced synchronization asserts this signal after retrieving the current pixel data.

22.4.2 Enhanced video synchronization circuit

The enhanced video synchronization circuit generates the horizontal and vertical synchronization signals and retrieves the pixel data from the line buffer. It uses the start flag to synchronize the pixel stream with its own frame counter. Its block diagram is shown in the dotted box of Figure 22.5. The circuit contains a frame counter, a decoding circuit to generate the horizontal and vertical synchronization signals, and a frame synchronization FSM. The first two are similar to those in Section 21.3.5.

The frame synchronization FSM synchronizes the beginning of a frame with the frame counter. Its simplified state diagram is shown in Figure 22.6. The FSM has two states. In the frame_sync state, the FSM waits for the beginning of a new frame. It uses the scan_end signal of the frame counter to monitor the end of the current frame. When the current frame is completed, the initial pixel data of a new frame should already be in the line buffer, a condition reflected by the assertion of the vga_st_in_start signal. The FSM then moves to the disp state to retrieve and display the pixel data for this frame. However, a frame may be corrupted or late and the vga_st_in_start signal is not asserted. In this case, the FSM stays on the frame sync state and keeps on reading the line buffer until the vga st in start signal becomes 1. The operation flushes the corrupted frame from the line buffer and re-synchronizes the next frame.


[image: image]

Figure 22.6 Simplified synchronization FSM state diagram.



In the disp state, the FSM retrieves the pixel data from the line buffer in each pixel clock cycle when the scan is in the “displayable” area, in which the video_on signal is asserted. After the last displayable line is retrieved, the FSM returns to the frame_sync state and waits for the completion of the vertical retrace to start a new frame. Note that the FSM assumes that the valid pixel data can be provided on time. The frame counter cannot be paused even when the pixel data is not ready (i.e., the line buffer is empty). If the video sources fail to supply pixel data on time, some frame fragments will be left in the line buffer. These late data will be flushed out later in the frame_sync state.

The frame synchronization FSM makes the overall video system more robust. Even though the system loses some data (due to occasional mismatched speed, buffer overflow, etc.) in one frame, this will not affect the subsequent frames.

The complete HDL code of the enhanced synchronization circuit is shown in Listing 22.8.



Listing 22.8 Enhanced synchronization circuit
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22.4.3 HDL code

The FPro video synchronization core combines the line buffer and the enhanced synchronization circuit. The HDL code is shown in Listing 22.9.



Listing 22.9 FPro video synchronization and buffer core
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22.5 DAISY VIDEO SUBSYSTEM 

The ad hoc video subsystem in Chapter 21 can be reconstructed with the three video cores introduced in Sections 22.3 and 22.4. However, for completeness, a more comprehensive subsystem is created to include the cores developed in the next three chapters as well. We call it daisy video subsystem since the video cores are arranged as a daisy chain.

22.5.1 Subsystem overview

The daisy video subsystem incorporates all video cores developed in this chapter and subsequent chapters. The main components are as follows:

	Video decoding logic 

	Global frame counter 

	Frame buffer core 

	Eight normal FPro video cores, including two “dummy” cores


The video cores in the daisy video subsystem form a cascading chain where the pixel stream is generated, processed, augmented, and eventually displayed on a monitor, as shown in the bottom portion of Figure 22.1. The cores at the left, such as the frame buffer and the bar test-pattern generator, are the video sources and they generate a full-screen frame. The cores in the middle, such as the colorto-grayscale conversion circuit, process and modify the pixels. The cores at the right, such as the on-screen text display circuit and the mouse pointer circuits, augment the frame with overlays of auxiliary sprites. The rightmost core is the video synchronization core for the monitor.

To simplify the stream interface, we use a common global frame counter for the pixel generation cores in the daisy subsystem. After the valid x- and y-coordinate signals are sampled, a pixel generation core outputs the valid pixel data after two clock cycles. The two-clock delay is needed to accommodate the internal memory access of some cores. For a simple core, such as the bar test-pattern generator discussed in Section 22.3, additional registers should be inserted to satisfy the two-clock delay requirement. Note that the synchronization core contains a local frame counter driven by the pixel clock. Its stream interface utilizes a FIFO buffer and handshake mechanism and is different from other pixel generation and transformation cores.

The slot assignments of the video cores and their corresponding symbolic names are shown in Table 22.1. The names are added to the two header files, chu_io_map.svh and chu_io_map.h. Note that the frame buffer core is decoded separately and does not occupy a slot.

Unlike the MMIO cores of an MMIO subsystem, in which each core can be treated as an independent entity, the order and arrangement of video cores in the cascading chain are important. Misconnecting a single core can affect, and even fail, the entire video subsystem. To reduce potential errors, we use all eight slots in the HDL code and systematically connect the pixel streams among the cores. If a slot is not physically used, a dummy core is inserted as a placeholder.



Table 22.1 Slot assignment of the daisy video subsystem





	Slot 
	Symbolic name 
	Description 



	0 
	V0_SYNC0
	synchronization core 



	1 
	V1_MOUSE1 
	mouse sprite core 



	2 
	V2_OSD2 
	OSD (on screen display) core 



	3 
	V3_GHOST3 
	ghost sprite core 



	4 
	V4_USER4 
	dummy core 



	5 
	V5_USER5 
	dummy core 



	6 
	V6_GARY6 
	color-to-grayscale core 



	7 
	V7_BAR7 
	bar test-pattern generator core 






22.5.2 Interface to the video synchronization core

The stream interface of the video synchronization core includes the si_ready and si_valid signals for the handshake and is expected to have an additional start bit in the pixel data stream to mark the beginning of a frame. It is not compatible with other video cores of the daisy video subsystem.

We design next an ad hoc circuit to connect the two types of interfaces. The first part of the circuit is to use the si_ready signal to trigger a new pixel generation and to assert the si_valid signal to write the generated pixel to the FIFO buffer. The si_ready is connected to the inc (incremental) signal of the global and a two-stage delay line (i.e., two cascading registers). Recall that the si_ready signal is asserted when there is enough FIFO space for new pixels, as specified in Listing 22.7. The assertion increments the global frame counter to generate new coordinates, which in turn trigger the operation of the pixel generation cores. The new blended pixel becomes available after two clock cycles. At this point, the asserted signal is also looped back via the two-stage delay line and activates the si valid signal, whose action writes the new pixel into the FIFO buffer. In summary, because of the deterministic nature of the pixel generation cores, the handshake mechanism is automatically completed through a delayed feedback loop.

The second part of the circuit is to insert a start bit to the pixel stream. This bit can be obtained from global frame counter’s frame_start status signal, which is asserted when the x- and y-coordinates are (0, 0). Because the pixel generation requires two clock cycles, this signal is delayed via a two-stage delay line as well.

22.5.3 HDL code

The code of the daisy video subsystem is shown in Listing 22.10. The normal video cores are instantiated based on the slot assignment in Table 22.1 and the frame buffer is placed on the leftmost location of the cascading chain. Two two-stage delay lines are created to implement the start bit and the flow-control scheme.



Listing 22.10 Daisy video subsystem
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22.5.4 Timing and performance considerations

In the daisy video subsystem, all cores are driven by the same 100M Hz clock. Although the cores are arranged as a chain, the operations are performed concurrently. After the global frame counter produces new coordinates, the pixel generation circuit of every core outputs a new pixel after two clock cycles. These pixels may be further processed by the pixel transformation cores and then be combined and mixed via the cascading blending network.

The cascading blending network contains no register and thus is a pure combinational circuit. The cascading chain with complex blenders may lead to a large propagation delay and cause timing violation. Since the blenders of daisy video subsystem’s cores are quite simple, the overall propagation delay is tolerable.

For a video subsystem with complex blenders or more video cores, the long propagation delay of the cascading chain may be an issue. One way to solve the problem is to insert a register in each cascading stage and form a pipeline, as illustrated in Figure 22.7. Note that registers are also needed to delay the frame counter’s output at each stage and to expand the delay line of the synchronization core’s si_ready signal.
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Figure 22.7 Conceptual pipelined video subsystem. 



Another way to remedy the problem is to put a local frame counter in each core and to utilize a FIFO buffer for stream interface, similar to those in the synchronization core. This approach makes the core a completely independent entity but complicates the stream interface. It is overkill for the simple cores.

22.6 VANILLA DAISY FPRO SYSTEM 

The daisy video subsystem can be incorporated into the vanilla FPro system of Part II or into the sampler FPro system of Part III. We use the former in the rest of the book and call it the vanilla daisy FPro system. A similar sampler daisy FPro system is also constructed and can be found in the companion website.

22.6.1 Clock management core

The video synchronization core of the video subsystem needs a separate pixel clock signal. Modern FPGA devices contain special proprietary macro cells for the clock management. We instantiate a Xilinx Artix clock management core in the system level for this purpose, as shown in the top right portion of Figure 22.1.

The clock management core can be instantiated as an IP core and the procedure is outlined in Appendix A.4.5. We configure the core to generate 100M-Hz, 25M-Hz, 40M-Hz, and 67M-Hz clock signals. The 100M-Hz clock signal is for the system clock and the 25M-Hz clock signal is for the VGA pixel clock. The other two clocks are used as pixel clocks for the SVGA and XGA systems in the homework experiments. Although the rate of the 100M-Hz output clock signal is identical to the rate of the input clock signal, the clock management core generated signal can compensate for the internal delay and has a smaller clock skew. The internal clock management circuit is constructed with a closed feedback loop and may need a small amount of time to obtain the stable output initially. Its status signal, locked, indicates whether the output is stabilized (i.e., locked). The automatically generated HDL code of the IP core is shown in Listing 22.11.



Listing 22.11 Xilinx clock management circuit
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This file and its companion mmcm_fpro_clk_wiz.v file can be imported directly to the project.

22.6.2 Updated chu io map.svh

To facilitate the video subsystem, the chu_io_map.svh header file is expanded to include the symbolic constants of the video slots and the offset and base address of the frame buffer. The added statements are
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22.6.3 HDL code

The code of the vanilla daisy FPro system is shown in Listing 22.12. It expands the vanilla FPro system of Listing 11.8 by adding the daisy video subsystem and a clock management core. The instantiated clock management core generates a 25M-Hz clock signal, which is connected to the VGA pixel clock, and a 100M-Hz clock signal, which is used as a system clock to drive all other logic. The system reset signal is now connected to the negated locked signal so that the system is kept in the “reset state” until the stable clock signals are obtained.



Listing 22.12 Vanilla daisy FPro system
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22.7 VIDEO DRIVER AND TEST PROGRAM 

We follow the same principle and practice discussed in Section 10.6.2 to develop the video core drivers.

22.7.1 Updated chu_io_map.h and chu_io_rw.h files

The chu_io_map.h and chu_io_rw.h files are expanded to facilitate the video subsystem. Symbolic constant definitions for the frame buffer’s base address and the video slot assignments are added to the chu_io_map.h file:
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The get_slot_addr() macro in the chu_io_rw.h file calculates the base address of an MMIO slot. A similar macro, get_video_slot addr(), is added to the file to calculate the base address of a video slot. It is defined as
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The value of 0x00800000 represents the 21st bit of the word address (i.e., the 23rd bit of the byte address) assigned to identify the video subsystem, as discussed in Section 22.1.2, and the value of 16384 corresponds to the 214-word memory space of each video core.

22.7.2 GPV core driver

Since the main data flow of a video core is through the stream interface, its bus transaction is usually simpler than that of an MIMO core. We define a GPV (for general-purpose video core) class for the general video cores. It contains methods to write a register and to bypass the core, which is done by writing register 0x2000, as discussed in Section 22.2.3. The class definition and implementation of the GPV core are shown in Listings 22.13 and Listings 22.14, respectively.



Listing 22.13 GpvCore class definition (in vga_core.h)
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Listing 22.14 GpvCore class implementation (in vga_core.cpp)
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The GpvCore class can be used for the bar test-pattern generation core and colorto-grayscale conversion core in this chapter. Because of the simplicity of the video core drivers, we group the class definitions of all drivers into a single vga_core.h file and group the class implementations into a single vga_core.cpp file.

22.7.3 Test program

We follow the same procedure discussed in Section 13.4.4 to develop testing software. A test function is derived for each video core to verify the basic operation of the hardware implementation and driver. To maintain portability, the function utilizes only the four basic MMIO cores in the vanilla FPro system.

The testing function can be incorporated into the main test program as follows:


	Include the core driver header file. 

	Develop the test function. 

	Create an instance. 

	Call the function in main().



The test program for the video cores of the vanilla daisy FPro system is shown in Listing 22.15. Several test functions involve the video cores in the later chapters and their bodies can be found in the respective chapters. The basic outline of the main program is as follows:


	Flash LEDs to signal the start of the video demonstration. 

	Bypass all video cores. 

	Demonstrate the basic operations of video cores one at a time. 

	Enter the “overlay test,” in which the desired overlays are selected by the switches. 





Listing 22.15 Vanilla daisy FPro video test program (in main_video_test.cpp)
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22.8 BIBLIOGRAPHIC NOTES 

Designing a dual-clock FIFO involves several clock-domain-crossing issues. The author’s other book, RTL Hardware Design with VHDL, explains the issues in detail and discusses the design techniques. Xilinx’s user guide UG472, 7 Series FPGAs Clocking Resources User Guide, and user guide UG473, 7 Series FPGAs Memory Resources User Guide, provide detailed information on the clock management macro cell and the BRAM-based FIFO macro core.

22.9 SUGGESTED EXPERIMENTS 

22.9.1 Color channel selection core

We can convert the color channel selection circuit of Experiment 21.9.2 to an FPro video core by adding a wrapping circuit and a blender. Develop the core, attach it to a user slot of the daisy video subsystem, derive the software driver to select the channel, and develop a test function to verify its operation.

22.9.2 Enhanced color-to-grayscale conversion core

We can convert the enhanced color conversion circuit of Experiment 21.9.3 to an FPro video core by adding a wrapping circuit and a blender. Develop the core, replace the original core of the daisy video subsystem, derive the software driver to select the intended conversion algorithm, and develop a test function to verify its operation.

22.9.3 Square test-pattern generator core

We can convert the square test-pattern generator circuit of Experiment 21.9.4 to an FPro video core by adding a wrapping circuit and a blender. Design the core, attach it to a user slot of the daisy video subsystem, derive the software driver to set the color and square size, and develop a test function to verify its operation.

22.9.4 Alpha blending circuit

The alpha blending circuit is discussed in Section 22.2.2. We can assume that the r, g, and b signals are in the Q4.0 format and a is in the Q0.8 format and perform multiplication, similar to that in Section 21.5. Design the alpha blending circuit, use it in the bar test-pattern generator core, derive the software driver to set the α value, and develop a test function to verify its operation.

22.9.5 “Highlight” core

A “highlight” core maintains the brightness of the central portion of a frame but dims its surroundings. The conceptual diagram is shown in Figure 22.8. The brightness generator circuit is similar to the square test-pattern generator of Experiment 21.9.4. Instead of a color, the brightness generator outputs a “brightness level,” β, where 0.0 ≤ β ≤ 1.0. The input video stream, p, and the brightness stream, β, are mixed by a multiplication blender, which performs the multiplication operation and output β * p. We can set the pixel brightness within the center square to 1.0 and the brightness in the surrounding area to a smaller value. This will “dim” the surrounding area and highlight the center portion. Design the core, attach it to a user slot of the daisy video subsystem, derive the software driver to set the square size and brightness level, and develop a test function to verify its operation.
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Figure 22.8 Conceptual diagram of the highlight core.



22.9.6 SVGA synchronization core

In the SVGA standard, the screen resolution is 800 by 600 pixels and the pixel clock rate is 40M Hz, as shown in Table 21.1. Modify the video synchronization core, and the global frame counter of the vanilla daisy FPro system to facilitate the new standard. Derive the new system and verify its operation.

22.9.7 Configurable video synchronization core

Instead of just generating fixed clock frequencies, the Artix clock management core can be configured to change the output frequencies on the fly. It is done via the DRP interface similar to the XADC macro cell discussed in Section 13.2.2. We can use this core to develop an enhanced video synchronization core, which can be configured by software to accommodate different video standards (such as VGA, SVGA, and XVGA). The basic design procedure is as follows:


	Instantiate a dedicated clock management core inside the synchronization core. 

	Derive a wrapping circuit to write clock management core’s registers. 

	Consult the Xilinx user guide to learn the procedure to set the output frequency. 

	Revise the frame counter so that its “counting boundaries” can be dynamically adjusted. 



Derive the code for the new core and verify its operation.

22.9.8 Pipelined video subsystem

Follow the discussion in Section 22.5.4 to add pipeline registers for the video cores of the daisy video subsystem. Modify the cores, reconstruct the subsystem, and verify its operation.





CHAPTER 23 
SPRITE CORE

In computer graphics, a sprite is a small bitmap image that is integrated into a larger scene. A sprite can be realized by hardware or software. In this chapter, we describe the construction of a sprite video core that can create a still or an animated sprite and place it on top of a full-screen background frame.

23.1 INTRODUCTION

A bitmap defines a rectangular display area and the color for each pixel (i.e., “bit”) in the display area. A sprite is a “small” bitmap, whose display area is a tiny fraction of the frame. A 12-pixel-by-20-pixel mouse pointer sprite is shown in Figure 23.1. One main application of the sprites is to integrate small graphic objects into a larger scene, such as creating an animated character on an otherwise static screen. Another application is to use them as tiles to construct a full-screen frame.

The sprites can be implemented by software or custom hardware. In the FPro video subsystem, we adopt the latter approach and construct custom video cores to generate sprites. The core’s output constitutes a new layer and the sprites are overlaid over the background frame via the chroma-key blending scheme discussed in Section 22.2.2.

We demonstrate the general sprite construction with a mouse pointer core and an animated Pac-Man “ghost” character core in this chapter and illustrate the tile-based design with the on-screen text display in Chapter 24.
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Figure 23.1 Mouse pointer sprite.




[image: ]

Figure 23.2 Block diagram of a sprite generation circuit.



23.2 BASIC DESIGN

The sprite core is a pixel generation video core. It is a video source and generates the entire frame. However, the sprite only occupies a small area and the remaining portion of the frame is filled with the chroma-key color. A representative screen of a mouse pointer is shown in the right panel of Figure 22.3(a). When it is mixed with a full-screen background frame (shown at the left) with chroma-key blending, the resulting frame shows just the sprite on top of the background frame, as demonstrated in Figure 22.3(b). Note that the black color is used as the chroma key in the daisy video subsystem.

The top-level conceptual diagram of the sprite pixel generation circuit is shown in Figure 23.2. It contains a sprite RAM, an “in-region” comparison circuit, two subtractors to calculate the relative addresses, and a multiplexer.

23.2.1 Sprite RAM

The sprite RAM stores the pixel data of the bitmap. The simple arrangement is to make the data width of a memory word identical to the color depth of a pixel and use one address for each pixel.

Since the RAM module is constructed as a one-dimensional array, the two-dimensional pixel coordinates must be converted to a one-dimensional memory address. Let the pixel coordinates be (xr, yr) and let the dimension of the bitmap be HS-pixels by VS-pixels. We use the row-major order method, in which consecutive pixels of the rows are contiguous in memory, to do the conversion. The formula is
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Figure 23.3 In-region comparison screen.



address = yr * Hs + xr

The calculation involves two arithmetic operations and infers a rather complex circuit with an adder and a multiplier.

To simplify the processing, we restrict the dimensions of the sprite to be a power of 2. Let Hs and Vs be 2h and 2v, respectively. The previous formula can be rewritten as

address = yr * Hs + xr = yr * 2h + xr = yr ≪ h + xr

where ≪ is the shift-left operator. In hardware implementation, it can be realized by a simple concatenation operation:

address = yr & xr;

This arrangement can be summarized as follows. A 2h-by-2v sprite infers a 2v+h_ word RAM module, in which the h LSBs of the RAM address corresponds to a pixel’s horizontal (x-axis) coordinate and the v MSBs of the RAM address corresponds to a pixel’s vertical (y-axis) coordinate.

23.2.2 In-region comparison circuit

The in-region comparison circuit can be best explained by examining the sprite screen in Figure 23.3. The small rectangle represents a sprite. Its placement is specified by (x0, y0), the location of sprite’s origin point (the top-left corner). The relevant parameters in the diagram are as follows:


	x, y: current x- and y-coordinates of the scan point (which are generated by the frame counter)

	x0, y0: the x- and y-coordinates of the top-left corner of the sprite

	xr, yr: the “relative coordinates” defined as x — x0 and y — y0, representing the x- and y-axis differences between the current scan point and the sprite’s origin

	Hs, Vs: the horizontal and vertical dimensions of the sprite



Note that x and y are driven by the 100M-Hz system clock but the x0 and y0 vary slowly and even can be static.

In the pixel generation circuit, the frame counter continues updating x and y. When x and y lie within the sprite region, the sprite pixels are routed to the output. In this condition, xr and yr correspond to the column number and row number of the bitmap and they can be used to form the RAM address and retrieve the pixel from the sprite RAM. On the other hand, when x and y lie outside the sprite region, the chroma-key color will be generated.

The illustration in Figure 23.3 shows that the condition for x and y within the sprite region is

0 ≤ xr < Hs and ≤ 0 yr < Vs

The in-region comparison circuit implements this condition. Its output controls the multiplexer to select either the sprite RAM’s readout or the chroma key, as shown in Figure 23.2.

23.3 MOUSE POINTER CORE

A mouse pointer core generates a mouse pointer overlay that can be placed on top of a full-screen frame. It is a custom sprite core and its construction follows the basic design approach outlined in Section 23.2.

23.3.1 Pointer sprite RAM

A 12-by-20 mouse pointer bitmap is shown in Figure 23.1. To make the core more flexible and facilitate future expansion, a larger 32-by-32 (25-by-25) RAM is selected for construction. The unused portion can be filled with the chroma-key color. The RAM can accommodate a sprite up to 210 pixels. Since the 12-bit color is used in the FPro video subsystem, we create a 210-by-12 RAM module for this purpose.

Although a ROM is adequate for a pure mouse pointer application, we add an additional write port so that the bitmap can be updated by software later when needed. Since the memory module is implemented by Artix’s internal BRAMs, no additional resource is required for the additional port. The HDL code follows the simple dual-port RAM template discussed in Section 7.4.3 and is shown in Listing 23.1.



Listing 23.1 Pointer sprite RAM
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The initial 210-element pointer bitmap is stored in the mouse_pointer.txt file. These values are loaded into the BRAM when the FPGA device is programmed. The module functions as a ROM if no software-initiated write operation is performed.

23.3.2 Pixel generation circuit

The code for the mouse pointer pixel generation circuit follows the block diagram of Figure 23.2 and is shown in Listing 23.2.



Listing 23.2 Mouse pixel generation circuit
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There is one subtle point of the relative coordinate calculation. The relative coordinates are defined as x — x0 and y — y0, which can lead to negative results. The code converts the relevant signals to the signed format and expands them by one bit. Note that the in_region signal is not asserted when xr or yr is negative.

The RAM read operation introduces a one-clock delay for the full_rgb signal. Since the daisy video subsystem imposes a two-clock delay for the pixel generation operation, as discussed in Section 22.5.1, an artificial one-clock delay line is added for the output pixel stream.

23.3.3 Top-level design

The top-level of the mouse pointer core consists of the mouse pointer pixel generation circuit, the slot wrapping circuit, and the blending circuit.

Register map

The processor interacts with the mouse pointer core as follows:


	set (i.e., write) the value of bypass register.

	specify (i.e., write) the location (i.e., x0, y0) of the mouse pointer sprite.

	update (i.e., write) the sprite RAM bitmap.



Recall that each video core occupies a 14-bit word address space. We use x to represent a “don’t-care” bit and a to represent a local address bit. The address offsets and fields are


	address offset 0x xxaa aaaa aaaa (sprite RAM)

	– bits 11 to 0: 12-bit pixel color




	address offset 1x xxxx xxxx xx00 (bypass register)

	– bit 0: bypass bit




	address offset 1x xxxx xxxx xx01 (x0 register)

	– bits 9 to 0: x-coordinate of the mouse pointer sprite origin




	address offset 1x xxxx xxxx xx10 (y0 register)

	– bits 9 to 0: y-coordinate of the mouse pointer sprite origin






HDL code

The top-level HDL code instantiates the mouse pixel generator circuit, provides a write slot interface, and implements the blender. The blender consists of two stages. The first stage performs the chroma-key blending and the second stage uses a multiplexer for bypassing. The HDL code of the core is shown in Listing 23.3.



Listing 23.3 Mouse pointer core
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Figure 23.4 Ghost sprites.



23.4 “GHOST” CHARACTER CORE

The sprite scheme was used widely in early computer games. We create a sprite core for the “ghost” character of the Pac-Man game to demonstrate several other sprite-related techniques, including access of multiple images, animation, and palette lookup.

23.4.1 Multiple images and animation

The mouse video core displays a single static bitmap on the designated screen area. A sprite core can maintain multiple images and select one of them for display. For example, a set of four ghost images is shown in Figure 23.4. One of the four images can be selected and loaded. The image set is referred to as a sprite sheet.

Animation is the process that makes an illusion of motion by rapidly presenting a sequence of slightly modified images. For example, the ghost images in Figure 23.4 have similar body shape but different eye positions and “skirts.” When animated, a ghost appears to look around and run.

The frame rate specifies the speed the images to be presented and is defined as the number of images (i.e., frames) per second. The exact frame rate depends on the nature of images, sizes, etc. Ten frames per second is a good starting point and can be adjusted afterward accordingly.

The animation can be achieved by software or by hardware. The software-based approach just needs a general sprite core, similar to the mouse pointer core described in Section 23.3. It stores the sprite sheet in the computer’s main memory and uses software to load the designated image to the core at a specific time interval. The hardware-based approach creates an enhanced sprite core that has an expanded RAM storage for all images of the sprite sheet and a timing circuit to load the images automatically. We use the latter approach in this section.

23.4.2 Overview of the palette scheme

In computer graphics, a palette is defined as a set of colors that can be simultaneously displayed. In a given image, the palette may only use a subset of all the available colors. Properly encoding the palette subset can save memory space.

For example, there are 212 possible colors for a video system with a color depth of 12 bits. To use all available colors, each pixel in an image consumes a 12-bit word. However, an image seldom contains all 212 possible colors. For example, the ghost images in Figure 23.4 only uses four colors, which are black (used as the chroma key), red (for the body), white (for the white portion of the eye), and dark gray (for the dark portion of the eye). It is a very small subset of the 212 colors. A two-bit code can be used to represent the four colors, as shown in Table 23.1. A palette circuit translates a code word into the desired color. It can be implemented as a lookup table or a combinational circuit.



Table 23.1 Palette coding of the ghost images





	Code
	12-bit color
	Description





	00 
	0x000 (black) 
	chroma key 



	01 
	0x111 (dark gray) 
	dark portion of eye 



	10 
	0xf00 (red) 
	body 



	11 
	0xfff (white) 
	white portion of eye 






The palette scheme can significantly reduce the memory usage and is an important technique for a system with limited memory. For example, the four ghost images contain 210 pixels. For the 12-bit color representation, it requires a 210-by-12 RAM, which is 1536 bytes (i.e., 210 *12 bits). With the palette scheme, it only needs a 210-by-2 RAM and a 22-by-12 ROM lookup table, totaling 262 bytes (i.e., 210 * 2 + 22 * 12 bits).

23.4.3 Ghost sprite RAM and the palette circuit

Four ghost images are shown in the sprite sheet of Figure 23.4. Each image is a 16-by-16 (24-by-24) sprite and contains 28 pixels. For the 12-bit color depth, it can be stored in a 28-by-12 RAM module. To accommodate the four images, a 210-by-12 (4 * 28-by-12) RAM module is needed. The two MSBs are used as the sprite id to identify the individual image. To save memory, we use a palette circuit discussed in the previous subsection. It requires a 210-by-2 RAM to store the encoded images and a 22-by-12 ROM lookup table.

The HDL code of the ghost sprite RAM is similar to that of the pointer RAM in Listing 23.1 and is shown in Listing 23.4. The RAM’s data width is reduced from 12 to 2 and the INIT_LUT constant contains the encoded images.



Listing 23.4 Ghost sprite RAM
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The palette circuit is a lookup table and can be implemented by a ROM module. However, since the ghost palette contains only four code words, it can be easily realized by a selected signal assignment statement. Suppose that the sprite RAM readout is connected to the plt_code signal. The HDL segment is
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In the Pac-Man game, there are four ghosts. They have the same body shapes but different colors, which are red, pink, orange, and cyan. The color variation can be realized by replacing the original red body color with a selectable color. This can be implemented by a multiplexer controlled by the gc_color_sel color selection signal. The revised code segment becomes
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23.4.4 Animation timing circuit

The animation timing circuit is used to load a sequence of sprites at a designated rate. For a sprite RAM module with multiple images, the MSBs of the address are used as an id to identify a specific image. The previous read address statement in Section 23.2.1

assign address = {yr[v-1:0], xr[h-1:0]};

is expanded to include sid (for “sprite id”) bits and becomes

assign address = {sid, yr[v-1:0], xr[h-1:0]};

While the yr and xr signals are updated continuously through the frame counter, the sid signal is controlled by the animation timing circuit.

The animation timing circuit constitutes a frame-tick counter and a sprite id counter. The frame-tick counter generates a one-clock animation tick based on the designated sprite animation frame rate. If the frame rate is fsprite, a new image must be loaded every [image: ] second. With the system clock frequency of fsys, there are [image: ] system clocks in the interval and a mod-[image: ] counter can be derived accordingly.

An alternative design is to use the global frame counter’s output, x and y, which can be decoded to generate a 60-Hz tick (the VGA frame refresh rate). A mod-[image: ] counter can be derived and its size is much smaller than the previous approach.

The sprite id counter keeps track of the sprite id value. For a sequence of four ghost sprites, it can be implemented by a two-bit binary counter whose enable signal is connected to the animation tick signal.

23.4.5 Pixel generation circuit

The ghost pixel generation circuit generates a frame with a 16-by-16 sprite that can be overlaid over a full-screen background frame. It follows the basic approach of the mouse pixel generation circuit but incorporates the palette circuit and animation timing circuit.

A five-bit control signal, ctrl, is included to demonstrate the circuit’s various capabilities. The first two MSBs specify the color of the ghost. The next MSB sets the operation mode. In the still mode, one of the four images is selected for display. In the animation mode, the four images are retrieved in a round-robin fashion automatically. If the still mode is used, the two LSBs select the desired still image. The code is shown in Listing 23.5.



Listing 23.5 Ghost pixel generation circuit
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The animation timing circuit uses the frame counter to generate the 60-Hz tick. The tick, frame_tick, is asserted at the transition edge of (0,0) to (0,1), as shown in the following conditional expression:

assign frame_tick = (x_d1_reg==0) && (x==1) && (y==0);

The Boolean condition indicates that current y is 0, current x is 1, and the previous x (i.e., x_d1_reg) is 0. The frame_tick signal is used to trigger a mod-10 counter and to generate 6-Hz ani_tick signal, which triggers the two-bit sprite animation id counter and leads to the animation speed of six frames per second.

23.4.6 Top-level design

The top-level of the ghost pointer core consists of the ghost pointer pixel generation circuit, the slot wrapping circuit, and the blending circuit.

Register map

The interaction between the processor and the ghost core is similar to that of the mouse pointer core and thus the mouse pointer core’s register map in Section 23.3.3 can be used for the ghost core. However, in the ghost core, the processor can issue a command to configure the ghost color and the animation mode. This leads to one additional register, whose address offset and fields are


	address offset 1x xxxx xxxx xx11 (control register)

	– bits 4 to 3: selection of ghost color

	– bit 2: selection of mode (1 for the animation mode and 0 for the still mode)

	– bits 1 to 0: selection of a specific sprite in still mode






HDL code

The top-level HDL code instantiates the ghost pixel generator circuit, provides a write slot interface, and implements the blender. The blender consists of two stages. It is similar to the mouse pointer core code in Listing 23.3 and is shown in Listing 23.6.



Listing 23.6 Ghost core
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23.5 SPRITE CORE DRIVER AND TEST PROGRAM

The mouse pointer core and ghost core have a similar organization and share a similar register map. We use a single driver for both cores.

23.5.1 Sprite core driver

We define a SpriteCore class for the sprite cores. The class definition is similar to that of the GpvCore class. In addition to wr_mem() and bypass(), it includes two more methods. The move_xy() method moves the sprite to a specific location and the wr_ctr() method writes the control register. The class definition and implementation are shown in Listings 23.7 and 23.8, respectively.



Listing 23.7 SpriteCore class definition (in vga_core.h)
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Listing 23.8 SpriteCore class implementation (in vga_core.cpp)
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Note that the address offset for the sprite RAM is 0, as shown in the register map of Section 23.3.3. The wr_mem() method can update a pixel in the sprite RAM and thus can be used to load a new bitmap when needed.

23.5.2 Test program

The overall testing program for the vanilla daisy FPro system is discussed in Section 22.7.3. The mouse_check() function verifies the basic functionalities of the mouse pointer core and the code is shown in Listing 23.9.



Listing 23.9 Mouse pointer sprite test function (in main_video_test.cpp)
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The middle segment slowly moves the mouse pointer from the top-left corner to the center. The beginning and ending segments load new pixel data to the top row and bottom row of the sprite. The latter draws a blue line and a red line and the former segment clears the color lines by writing the chroma-key color.

The ghost_check() function verifies the basic functionalities of the ghost core and the code is shown in Listing 23.10.



Listing 23.10 Ghost sprite test function (in main_video_test.cpp)
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The program slowly moves the animated ghost character from left to right and changes its color halfway. After demonstration, the program includes a statement to set the parameters of the control register with the five rightmost slide switches (i.e., sw(15 downto 11)):

ghost.wr_ctrl(sw.read() >> 11);

It can be used to show the animation mode, select one out of four ghost sprites, and set the ghost color.

23.6 BIBLIOGRAPHIC NOTES

The sprite- and tile-based designs were used widely in early video games and the concepts are still used in today’s computer graphics. Additional materials can be found on Wikipedia website by searching the keywords of “sprite” and “tile-based video game.” The website also provides interesting information on the “chroma key” scheme and the “Pac-Man” game.

23.7 SUGGESTED EXPERIMENTS

23.7.1 Mouse pointer control with PS2 core

The mouse pointer icon is best controlled by a physical mouse device. Expand the vanilla daisy FPro system to include a PS2 core, attach a physical mouse to the port, derive software to control the mouse pointer movement, and verify its operation.

23.7.2 Emulated ghost core

The mouse pointer core sprite RAM can be updated and thus can accommodate any 32-by-32 sprite. We can use it to emulate the ghost core and its animation capability by updating the sprite RAM content with software. Derive a software program to mimic the functionality of test_ghost() in Listing 23.10.

23.7.3 Palette circuit for the mouse pointer sprite

The mouse pointer sprite in Figure 23.1 only uses four colors (white, light gray, dark gray, and black chroma key). The colors can be represented by a two-bit code set. Redesign the mouse pointer core with a new two-bit wide sprite RAM and a palette circuit and verify its operation.

23.7.4 Sprite scaling circuit

A sprite can be “magnified” by enlarging the screen pixels. For example, the 12-by-20 mouse pointer sprite in Figure 23.1 can be scaled to a 24-by-40 sprite by enlarging the original bitmap four times (i.e., expanding one pixel to four pixels). We want to design a new mouse pixel generation circuit that can output the original pointer and the magnified pointer. An additional one-bit control signal will be used as the selection signal. Develop the new core, update the software driver, and verify its operation.

23.7.5 Portrait mode display

In portrait mode, a monitor is turned 90 degrees and the image is displayed on screen in “vertical” form. We can enhance the mouse pointer core to support both landscape mode (normal “horizontal” screen) and portrait mode and use a one-bit control signal to select the mode. Develop the new core, update the software driver, and verify its operation.

23.7.6 Multiple-object generation

It is possible to place multiple sprite objects on screen simultaneously. This can be achieved by duplicating the in-region circuit and relevant registers and adding “glue logic” to do the multiplexing and control. We want to enhance the ghost core to display two ghost objects at the same time. The two ghosts should function independently, each specified with its own location, color, and animation mode. Develop the new core, update the software driver, and verify its operation.

23.7.7 Animation speed control

The animation of the ghost core is controlled by a special timing circuit discussed in Section 23.4.4. The speed of animation (i.e., frame rate) is fixed. We want to enhance the core to make the frame rate configurable. The range of the rate is from 1 frame per second to 30 frames per second. An additional five-bit control signal will be used to set the rate. Develop the new core, update the software driver, and verify its operation.

23.7.8 Imitated blinking LED: part I

We want to mimic the operation of a discrete LED on screen. The two 16-by-16 sprites in Figure 23.5 represents the “off” and “on” states of a discrete LED. The LED can be in one of the following states:


	On

	Off

	Automatically blinking at a high rate (around 15 Hz)

	Automatically blinking at a slow rate (around 5 Hz)



Develop a new LED core and the software driver and verify its operation.

23.7.9 Imitated blinking LED: part II

Repeat Experiment 23.7.8 to mimic a tri-color LED. The core should have an additional 12-bit control signal to set the color of LED. Develop the LED core and the software driver and verify its operation.
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Figure 23.5 LED sprites.



23.7.10 Imitated blinking LED: part III

Instead of showing a single LED, we want to display an LED array on screen. The object should be a 128-by-16 image containing eight individual LEDs. The LEDs are controlled and operated independently. Extend the LED core in Experiment 23.7.8, develop the software driver, and verify its operation.





CHAPTER 24 
ON-SCREEN-DISPLAY CORE

A sprite occupies a small rectangular space and can be treated as a tile. Tiles can be laid out adjacent to one another in a predefined grid to form a larger image or even the entire screen. In this chapter, we use a tile-based scheme to construct an OSD (on-screen-display) core, which adds an overlay of textual display to the background frame.


24.1 INTRODUCTION TO TILE GRAPHICS

In Chapter 23, a sprite is used as a small “floating” object, such as a mouse pointer icon, overlaid on top of a full-screen background frame. Placing the sprite on the designated location involves an in-region circuit to calculate and compare the relative pixel addresses, as discussed in Section 23.2.2. Placing multiple sprites on the screen simultaneously can be achieved by using duplicated in-region circuits, as suggested in Experiment 23.7.6. Because of the complexity of the in-region circuit, this approach is not feasible for a large number of sprites.

A tile-based graphic uses the sprites in a different way. It treats a sprite as a rectangular tile and a screen as a predefined grid of slots. Instead of being put in any coordinates, a sprite can only be placed in a slot. A tile-based system usually contains a collection of similarly sized sprites, referred to as a tile set or a sprite sheet. A full screen can be constructed by filling the slots with the desired sprites, just like covering a wall with tiles.

We begin with an example to demonstrate the concept of the tile-based graphics system. Suppose that we wish to display a digitized waveform in a 64-pixel-by-16-pixel screen. A representative screen is shown in Figure 24.1(c). Close observation shows that a waveform can be constructed with four basic patterns, which are “steady-0,” “0-to-1 edge,” ‘1-to-0 edge,” and “steady-1.” A tile-based system can be constructed as follows:


	Define a 4-pixel-by-16-pixel area as a tile.

	Create a tile set of four sprites for the four patterns and assign each tile a two-bit code, as shown in Figure 24.1(a).

	Treat the 64-pixel-by-16-pixel screen as a 16-tile-by-1-tile (i.e., ) screen, as shown in Figure 24.1(b).

	Enter the sprite codes to the slots in the tile screen, which is shown inside the tile of Figure 24.1(b).

	Draw the screen by replacing the codes with actual sprites, which leads to the screen in Figure 24.1(c).
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Figure 24.1 Tile-based waveform screen.



Two RAM modules are needed to facilitate the construction. The first module is a sprite RAM, which stores the four bitmap images of the tile set, and its organization is similar to that of the ghost sprites discussed in Section 23.4.3. Since one-bit color is adequate for this application, a 4*4*16-by-1 RAM module can be used to accommodate the pixel data. The second module is a tile RAM, which stores the sprite codes. The four patterns can be encoded with a two-bit code, as defined at the bottom of Figure 24.1(a). The 16-tile-by-1-tile grid requires a 16 *1-by-2 RAM module for storage. The content of the tile RAM of the waveform shown in Figure 24.1(b) is

00 ,00 ,01 ,11 ,10 ,00 ,00 ,00 ,00 ,01 ,11 ,11 ,11 ,11 ,11 ,10 ,00

A main advantage of the tile-based scheme is its efficient use of memory. In the previous demonstration, the direct bitmap implementation needs 1024 (i.e., 64*16) bits of memory. The tile-based system only needs 288 bits, which include 256 bits (i.e., 4*4*16*1) for the sprite RAM and 32 bits (i.e., 16*1*2) for the tile RAM. The saving becomes much more significant for a more realistic scenario. For example, a 640-pixel-by-64-pixel four-waveform screen can be converted into a 160-tile-by-4-tile screen. The required memory spaces for the bitmap and tile-based graphic are 41,024 bits (i.e., 640*64*1) and 1,536 bits (i.e., 4*4*16*1 + 160*4*2), respectively. The tile-based graphics were used widely in early computer games because of scarcity of hardware resources. It can be an effective scheme for simple embedded systems that only require a primitive display.



24.2 BASIC OSD DESIGN

An OSD (on-screen-display) core generates a textual overlay. The overlay itself constitutes a “text-mode” display. It can be used to implement a console window for a command-line interface, a simple menu (e.g., the configuration menu of a DVD player), or supplemental text information (such as the subtitle and one-line stock ticker banner).


24.2.1 Text-mode display

Text mode is a display mode in which the screen is treated as a uniform grid of character tiles. The character is selected from a predefined character set, which is generally based on the ASCII codes of Table 12.1. The set includes digits, uppercase and lowercase letters, and punctuation symbols. Note that ASCII codes 0016 to 1F16 (the first column in the ASCII table) are reserved for the nonprintable control characters. They can be used to implement special graphic symbols. For example, the 0616 code will generate a spade pattern, , on the screen.

The patterns of the character set constitute the font. A variety of fonts is available. We choose a font similar to the one used in the early IBM PC. This font contains 128 characters and uses an 8-pixel-by-16-pixel tile for a character sprite. A representative sprite, the uppercase letter A, is shown in Figure 24.2(a). With a 640-by-480 VGA screen, 80 (i.e., ) tiles can be fitted into a horizontal line and 30 (i.e., ) tiles can be fitted into a vertical line.
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Figure 24.2 Font pattern for the letter A.



In summary, the text-mode display can be implemented by a tile-based system and its main characteristics are as follows:


	color depth: one bit

	tile size: 8-pixel-by-16-pixel (i.e., 8 columns and 16 rows)

	screen size in terms of tiles: 80-tile-by-30-tile (i.e., )

	tile set size: 128 sprites for digits, letters, punctuation symbols, and graphics symbols



Many fonts extend the character set to 256 characters and use the additional characters to define a set of graphical symbols for drawing boxes and imitating widgets found in GUI (graphic user interface).



24.2.2 Font ROM

The tile set can be stored in a sprite RAM. Since the font rarely changes, a ROM module can be used. This sprite memory module is frequently referred to as font ROM.

In Chapter 23, we set the RAM’s data width to correspond to the color depth. For example, the 32-by-32 mouse pointer sprite in Section 23.3.1 uses 12-bit color and the memory module is configured as a 32*32-by-12 RAM. If this scheme is adopted, a single character sprite infers an 8*16-by-1 RAM. However, to simplify the representation, we use a 16-by-8 (i.e., 24-by-8) module instead. This allows us to mirror font ROM data with the bitmap, as shown in Figure 24.2(b).

The font includes 128 (i.e., 27) characters and can be accommodated by a 211-by-8 (i.e., 27*24-by-8) ROM module. In this ROM, the seven MSBs of the 11-bit address are the sprite id, which is the ASCII code of the corresponding character, and the four LSBs of the address are used to identify the row within a character sprite. The address and ROM content for the letter “A” are shown in Figure 24.2(b).



24.2.3 Tile RAM

The text-mode VGA screen can be treated as a 80-tile-by-30-tile display, in which each tile slot contains the character’s ASCII code. This leads to a 80*30-by-7 RAM module. However, since the on-chip memory is constructed from Xilinx FPGA’s 2K (211) byte BRAMs, we use a 128*32-by-8 (i.e., 212-byte) module for the tile RAM.

The BRAMs need to be configured as a dual-port RAM. The first port is for the pixel generation, in which the tile data (i.e., the ASCII code) is retrieved (i.e., read) continuously. The second port is for the video controller interface, in which the processor writes the ASCII character to the desired tile location.



24.2.4 Basic organization

The top-level conceptual diagram of the OSD pixel generation circuit is shown in Figure 24.3. The circuit contains a font ROM, a tile RAM, and an 8-to-1 multiplexer. Its operation is done in stages:


	The frame counter generates pixel’s x- and y-coordinates, which are the 10-bit x signal and the 9-bit y signal.

	The upper bits, x(9 downto 3) and y(8 downto 4), correspond to the x- and y-coordinates of the current tile. They are concatenated to form the 12-bit tile RAM address and connected to the address input, addr_b, of tile RAM’s read port (port b in the diagram). The readout data, char_out, is the character’s ASCII code stored in this location.

	The retrieved 7-bit ASCII code becomes the seven MSBs of the font ROM and is used to identify the location of the specific character sprite. It is concatenated with the four LSBs of the screen’s y-axis coordinate to form the 11-bit font ROM address, rom_addr. The readout data, font_word, corresponds to an 8-pixel row of the sprite.

	The three LSBs of the screen’s x-axis coordinate, bit_addr, specify the desired pixel location and an 8-to-1 multiplexer routes the pixel, font_bit, to the output.
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Figure 24.3 Conceptual block diagram of the OSD pixel generation circuit.



Recall that the BRAM’s operation is synchronous, as discussed in Section 7.1.1, and the read operation introduces a one-clock delay. Thus, it takes two clock cycles to obtain the pixel data from the cascading tile RAM and font ROM. The x and y signals need to be passed through the delay line, which is implemented by the registers in Figure 24.3, to match the data flow.

The second port (port a in the diagram) of the tile RAM is for an external circuit to write an ASCII character to a specific tile location. The seven-bit x-coordinate and 5-bit y-coordinate, xt and yt, specify the tile location. They are concatenated to form the 12-bit tile RAM address and connected to the address input, addr_a. The character’s ASCII code, char_in, is connected to the data input, din_a.




24.3 OSD CORE

An OSD core generates a text overlay on top of a background frame. It follows the basic organization discussed in Section 24.2.4.


24.3.1 Font ROM

The font ROM contains 128 character sprites and is implemented by a 211-by-8 memory module, The seven MSBs of the 11-bit address are the character’s ASCII code and the four LSBs are the sprite’s row number, as shown in Figure 24.2(b). The HDL code follows the template discussed in Section 7.4.5 and is shown in Listing 24.1.

Listing 24.1 Font ROM
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The font.txt file contains 211 rows and its content mirrors the pixel patterns shown in Figure 24.2(b). These values will be loaded into the BRAM when the FPGA device is programmed.



24.3.2 Pixel generation circuit

The OSD pixel generation circuit generates a 80-by-30 text-mode frame. To make it more versatile, the following features are added:


	A palette circuit to set the text’s foreground and background colors

	A control bit to reverse the foreground color and background color of a character

	A mechanism to control the text display area



The first feature controls the color of the text. The OSD circuit uses one-bit color and thus can only display a foreground color and a background color. A palette circuit can map them into two 12-bit colors, such as green on black or white on blue. It is also possible to make the background transparent by assigning the chroma key as the background color.

The second feature reverses the foreground color and background color, which can be used to highlight a specific portion of the text. The condition can be specified by incorporating one additional control bit to the data word of the tile RAM. Recall that the tile RAM is constructed with eight-bit data but only stores seven-bit ASCII code, as discussed in Section 24.2.2. The extra bit can be used for this purpose.

The third feature controls the text display area. Instead of covering the entire frame with text, some applications only display the text in a limited area. For example, we may just need a small command console window or a one-line status message. Our design accomplishes this by defining a specific “transparency” ASCII code, 0x00 (the “null” character), for this purpose. There is no bitmap associated with this code. When this code is retrieved, the circuit does not read data from the font ROM but generates the chroma key for the entire tile. With the subsequent chroma-key blender, the corresponding tile becomes transparent. Note that the null character is different from the “blank space” character. The latter character’s ASCII code is 0x20 and the corresponding tile displays the background color.

The HDL code for the OSD pixel generation circuit is shown in Listing 24.2. The naming and connection of the signals follows the block diagram of Figure 24.3. The code also adds logic to implement the additional features.

Listing 24.2 OSD pixel generation circuit
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To match the delays introduced by the tile RAM and font ROM, the delayed x, y, and char_out signals are used accordingly. The routing of the font_bit signal is done by a multiplexer, coded as an array with a dynamic index:

assign font_bit = font_word[ ~bit_addr];

Note that a row (i.e., a word) in the font ROM is defined in descending order, as in [7:0]. Since the screen’s x-coordinate is defined in an ascending fashion, in which the number increases from left to right, the order of the retrieved bits must be reversed. This is achieved by the bitwise negation operator ( ) in the expression.

The last portion of the code controls the transparency and color reversal and sets the final text’s foreground and background colors.



24.3.3 Top-level design

The top-level of the OSD core consists of the OSD pointer pixel generation circuit, the slot wrapping circuit, and the blending circuit.

Register map

The processor interacts with the OSD pointer core as follows:


	set (i.e., write) the value of bypass register.

	specify (i.e., write) the foreground and background colors.

	write a character to the designated tile RAM location.



Recall that each video core occupies a 14-bit word address space. We use x to represent a “don’t-care” bit and a to represent a local address bit. The address offsets and fields are


	address offset 0x aaaa aaaa aaaa (address of the tile RAM, which is the concatenation of tile’s y- and x-coordinates)

	– bit 7: 1-bit foreground and background color reversal control

	– bits 6 to 0: 7-bit ASCII code of the character




	address offset 1x xxxx xxxx xx00 (bypass register)

	– 	bit 0: bypass bit




	address offset 1x xxxx xxxx xx01 (foreground color register)

	– 	bits 11 to 0: 12-bit foreground color




	address offset 1x xxxx xxxx xx10 (background color register)

	– 	bits 11 to 0: 12-bit background color






HDL code

The top-level HDL code instantiates the OSD pixel generator circuit, provides a write slot interface, and implements the blender. The blender consists of two stages. The first stage performs chroma-key blending and the second stage uses a multiplexer for bypassing. The HDL code of the core is shown in Listing 24.3.

Listing 24.3 OSD core


[image: ]

Memory usage
 
The OSD core can generate a full text-mode screen. The core only requires 6 KB of memory, which includes a 2-KB font ROM module and a 4-KB tile RAM module. The memory requirement is much smaller than that of a frame buffer outlined in Table 21.1. A font can be extended to include additional graphical symbols to draw boxes and GUI widgets. This allows us to construct a simple GUI with limited hardware resources.




24.4 OSD CORE DRIVER AND TEST PROGRAM

The OSD core adds a layer of text on a frame. Its driver and basic testing program are discussed in this section.


24.4.1 OSD core driver

We define an OsdCore class for the OSD core. The class definition is shown in Listings 24.4.

Listing 24.4 OsdCore class definition (in vga_core.h)
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The wr_char() method writes an ASCII character to the specific location in normal or reversed mode. The set_color() method sets the foreground and background colors of the text. The clr_screen() method is a simple utility function that clears the screen by writing the null character to all locations.

The class implementation is shown in Listing 24.5.

Listing 24.5 OsdCore class implementation (in vga_core.cpp)
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Note that the default argument is used for the reverse parameter of the wr_ch() method. If it is not specified, a normal (i.e., non-reversed) character is displayed.



24.4.2 Testing program

The overall testing program for the vanilla daisy FPro system is discussed in Section 22.7.3. The osd_check() function verifies the basic operation and the code is shown in Listing 24.6.

Listing 24.6 OSD test function (in main_video_test.cpp)
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The method first clears the screen and then displays the 128 characters in two separate lines, one in normal display and one in reverse display.

In the “overlay test” portion of Listing 22.15, the background color of tile is controlled by a switch, as in

osd.set_color(0x0f0, sw.read(9));

The color can be 0x001, which is close to black, or 0x000, which is the chroma-key color. In the latter case, the background of the tiles becomes transparent without blocking the background frame.




24.5 BIBLIOGRAPHIC NOTES

The sprite- and tile-based designs were used widely in early video games and the concept is still used in today’s computer graphics. Additional materials can be found on the Wikipedia website by searching the keywords of “sprite” and “tile based video game.”

The font used in this chapter is similar to the one used in early IBM PC, which is sometimes referred to as “IBM code page 437.” The detailed information can be found on the Wikipedia website, including the 128 additional symbolic and graphics characters of the extended set.



24.6 SUGGESTED EXPERIMENTS


24.6.1 Rotating banner

A rotating banner on the monitor screen moves a line of text from right to left and then wraps around. Let the text on the banner be “Hello, FPGA World.” Derive the software and verify its operation.



24.6.2 Text console

The OSD core can be used to create a console to display text, similar to a serial-port terminal window on a PC. The detailed specifications of the console are as follows:


	A 40-tile-by-20-tile area is used for display.

	A cursor is used to indicate the current location.

	The screen starts a new line when a “carriage return” ASCII code (0d16) is received.

	A line wraps around (i.e., starts a new line) after 40 characters.

	When the cursor reaches the bottom of the screen (i.e., the last line), the first line will be discarded and all other lines move up (i.e., scroll up) one position.



Create a function similar to the disp() function discussed in Section 12.4.4 and verify its operation.



24.6.3 Underline for the cursor

The character bitmap has several blank rows, as shown in Figure 24.2. They can be used to accommodate an underline for the character. This feature can be implemented by adding an additional “underline” bit to the character data and expanding the OSD core to generate the line as needed, similar to the processing of the reverse bit. The width of the character data will be expanded from eight bits to nine bits accordingly. Develop the new core, update the software driver, and verify its operation.



24.6.4 Portrait-mode display

In the portrait mode, a monitor is turned 90 degrees and the text is displayed in a “vertical” form. We can enhance the OSD core to support both landscape mode (normal “horizontal” screen) and portrait mode and use a one-bit control signal to select the mode. Develop the new core, update the software driver, and verify its operation.



24.6.5 Font scaling circuit: part I

A font can be “magnified” by enlarging the screen pixels. The 8-by-16 font can be scaled to a 16-by-32 font by enlarging the original bitmap four times (i.e., expanding one pixel to four pixels). The original 80-tile-by-30-tile text screen will be transformed to a 40-tile-by-15-tile screen accordingly. We want to design a new OSD pixel generation circuit that can accommodate both fonts and to use a one-bit control signal to select the font. Note that the core can generate either the normal font or the magnified font, but not two fonts at the same time. Develop the new core, update the software driver, and verify its operation.



24.6.6 Font scaling circuit: part II

The core of Experiment 24.6.5 can only display one font at a time. One way to overcome the problem is to create two frames, one for the normal font and one for the magnified font. The enhanced core can have two tile RAMs for the two frames and use the chroma-key blending to merge them. The application software should be carefully designed to avoid any overlapping text. Develop the new core, update the software driver, and verify its operation.



24.6.7 Extended font

The extended IBM font includes additional 128 characters, which provide special symbols and widgets to create a simple GUI screen. Detailed information on the patterns can be found in the bibliographic section. Develop a new OSD core to cover the extended font, update the software driver, and verify its operation.



24.6.8 Tile-based ghost core

The ghost core discussed in Section 23.4 can place the ghost bitmap in any location within the screen. This is achieved by a rather complicated in-region circuit. An alternative is to limit the placement. We can treat the 16-by-16 ghost sprite as a tile and the frame as a 40-tile-by-30-tile grid. The ghost sprite can only be placed in one of the 1200 tile slots. This approach can greatly simplify the in-region circuit. Derive the new core, modify the ghost_check() function, and compare the animation effect of the original and alternative designs.







CHAPTER 25 
VGA FRAME BUFFER CORE 


A frame buffer is a special memory module that holds the bitmap of a complete frame. It provides a temporary storage in which the pixel data is transferred or processed. In this chapter, we use FPGA’s internal memory to construct a frame buffer for the VGA system.

25.1 OVERVIEW 

In a video system, the monitor cannot maintain data and thus the pixel stream must be fed continuously at the designated pixel rate. This implies that the video sources and processing circuits must match this rate. A general and versatile scheme to ease the constraint is to use a frame buffer to hold the pixel data of the entire frame.

Conceptually, a frame buffer is a memory module in which each pixel can be independently retrieved and updated. The module has two access ports. The first port is connected to a read pipe, which is a data-retrieving circuit that reads the memory continuously at the pixel rate and outputs a steady pixel data stream. The second port is usually connected to a processor that generates or updates the content of the frame by writing the pixel data to the designated locations. Other types of devices, such as a video camera, can be connected as well.

This arrangement separates the data-generating rate and data-retrieving rate. Since a copy of frame data is stored in the frame buffer and retrieved at pixel rate, the display can always maintain a stable image. A processor can update the frame at a relatively slower rate or just revise a small area of the frame. In fact, the processor can be completely idle and does not generate any new pixel data. A still screen is displayed.

While the basic concept is straightforward, the complexity of a frame buffer depends on the buffer size and the data rate. The size and rate can vary significantly, as demonstrated in Table 21.1. In this chapter, we use FPGA’s internal memory modules to demonstrate the construction and operation of a frame buffer. The FPGA’s internal memory modules are intended for small buffers and lookup tables and their capacity is limited. In a more realistic scenario, external memory devices, particularly SDRAM (synchronous dynamic RAM), should be used for massive storage. A vendor’s memory controller core discussed in Section 7.5 is needed for this purpose.

25.2 FRAME BUFFER CORE 

A frame buffer core contains a memory buffer and interface circuits to retrieve and update the pixel data. The main design is around the construction of a large dual-port memory module using FPGA’s internal memory. The following subsections discuss the issues and show the implementation.

25.2.1 FPGA memory consideration

Modern FPGA devices contain internal memory modules. The module is referred to as the BRAM in a Xilinx device, as discussed in Section 7.1. The numbers of BRAM modules and total usable bits are summarized in Table 2.1.

The 640-by-480 VGA frame contains about 310K (i.e., 640*480) pixels. Thus, the frame buffer needs 310K*1 bits (i.e., 38 KB) for the 1-bit color and 310K*12 bits (i.e., 461 KB) for the 12-bit color. To save memory space, we truncate the color depth from 12 bits to 9 bits in our frame buffer design and use a palette circuit to convert the readout back to 12 bits. This leads to a more manageable size of 310K *9 bits (i.e., 345 KB).

The Nexys 4 DDR board contains an Artix XC7A100T device, which has 540-KB usable internal memory. It is large enough to accommodate the 345-KB memory of the frame buffer, the 128-KB memory of the MicroBlaze MCS, and other buffers and lookup tables.

On the other hand, the Basys 3 board contains a smaller Artix XC7A35T device, which has 200-KB internal memory. Its capacity is too small to accommodate a 9-bit color frame buffer. One possible option is to reduce the color depth to 1 bit in conjunction with a programmable 2-entry palette table.

25.2.2 Video memory module

The 9-bit VGA frame buffer needs a 310K-by-9 dual-port memory module. In the HDL template of Listing 7.9, the size of the inferred memory module is determined indirectly from the width of the address bus. This implies that the number of the data words must be a power of two. The 310K data words need a 19-bit (i.e., ⌈log2 310K⌉) memory address and thus a 512K-by-9 (i.e., 219-by-9) memory module is inferred. Clearly, more than 200 KB of memory will be wasted.

A close observation shows that a 320K-by-9 module can be constructed by combining a 256K-by-9 (i.e., 218-by-9) module and a 64K-by-9 (i.e., 216-by-9) module. It is larger than the 310K requirement and all of its capacity is utilized. The HDL code is shown in Listing 25.1. It instantiates two modules and uses the MSB of the address to perform the decoding.



Listing 25.1 320K-by-9 memory module
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25.2.3 Address translation

The VGA’s pixel location is represented by two-dimensional coordinates and it needs to be converted to a one-dimensional memory address. A similar issue is discussed in the construction of the sprite RAM and the tile RAM in Sections 23.2.1 and 24.2.3. Both conversions are achieved by concatenating the y-coordinate and the x-coordinate to form a memory address. However, this simple scheme leaves some unused “holes” in the address space if the size of the row is not of a power of 2. While the wasted memory is negligible in a small tile RAM, it becomes very significant for the frame buffer. Instead, we need to use the exact row-major order formula to do the address translation. Let the two-dimensional coordinates be (x, y). For the 640-by-480 resolution, the formula to obtain the one-dimensional address is


addr = 640*y + x



The * operator implies an expensive hardware multiplier. Closer examination shows that


addr = 640 * y + x = 512 * y + 128 * y + x = y ≪ 9 + y ≪ 7 + x



where ≪ is the shift-left operator (recall that in the binary system y ≪ n corresponds to y * 2n). This formula can be implemented by an address translation circuit and the HDL statement is
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This scheme essentially replaces the multiplier with an adder.

25.2.4 	Pixel generation circuit

The frame buffer core can be treated as video source that generates a pixel data stream. The top-level diagram of its pixel generation circuit is shown in Figure 25.1. It is composed of a dual-port RAM module, a read pipe, and a palette circuit. The read pipe just performs address translation. It does not contain any buffer or control logic since the BRAM is synchronous and returns the data in one clock cycle.
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Figure 25.1 Top-level diagram of the frame buffer pixel generation circuit.



The palette circuit maps and converts the retrieved pixel data to 12-bit color format. We treat our frame buffer core as a 9-bit color system and thus the palette circuit performs a 9-bit-to-12-bit conversion. The HDL code is shown in Listing 25.2.



Listing 25.2 9-bit-to-12-bit palette circuit
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Because of the limitation of FPGA’s internal memory capacity, the data width of the frame buffer may be smaller. The design intentionally codes the palette circuit as a separate component so that it can be substituted later to accommodate a different data width. The _9 suffix indicates that the data width of the frame buffer is 9 bits.

The code for the frame buffer pixel generation circuit is shown in Listing 25.3. It follows the block diagram of Figure 25.1.



Listing 25.3 Frame buffer pixel generation circuit
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Note that the memory access takes one clock cycle. To make the core conform to the two-clock delay imposed by the daisy video subsystem, a register is inserted to the output to add an additional one clock delay.

25.2.5 Register map

The processor interacts with the frame buffer core as follows:

	set (i.e., write) the value of bypass register. 

	write a pixel to the designated RAM location.



Because of its large memory space, the frame buffer core is separated from other cores and assigned a 20-bit address space, as discussed in Section 22.1.2. We use x to represent a “don’t-care” bit and a to represent a local address bit, whose range is from 0 to 640*480‒1. The address offsets and fields are


	address offset xaaa aaaa aaaa aaaa aaaa (address of the RAM, with a valid value between 0 and 640*480‒1) 

	– bits 8 to 0: 9-bit color data





	address offset 1111 1111 1111 1111 1111 (bypass register)

	– bit 0: bypass bit 







25.2.6 Top-level HDL code

The top-level HDL code instantiates the frame buffer pixel generator circuit, provides a write slot interface, and implements the blender. The HDL code of the core is shown in Listing 25.4.



Listing 25.4 Frame buffer core
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25.3 DRIVER AND TEST PROGRAM 

The frame buffer core provides storage for the entire screen. Its driver and basic testing program are discussed in this section.

25.3.1 Frame buffer core driver

We define a FrameCore class for the frame buffer core. The class definition is shown in Listing 25.5.



Listing 25.5 FrameCore class definition (in vga_core.h)
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The wr_pix() method writes a pixel data to a specific location. The clr_screen() method is a simple utility function that clears the screen by writing a specific color to all locations. The class also includes a method, plot_line(), to demonstrate the concept of geometrical modeling.

The implementation of the basic methods is shown in Listing 25.6. The implementation of the plot_line() method is discussed in the next subsection.



Listing 25.6 FrameCore class implementation (in vga_core.cpp)
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25.3.2 Geometrical modeling

A geometrical model is generated by the mathematical description of the object, which sometimes is referred to as a vector graphic. For example, we can obtain a line segment from two given points, (x1, y1) and (x2, y2), by generating a series of pixels based on the equation
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We can obtain the pixel coordinates by using the x as the independent variable and then calculating y:
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This can be realized by a C segment:
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The straightforward code suffers several problems. It uses expensive floating-point operation and the generated line appears as disconnected if the slope is steep. A better alternative is to use the Bresenham algorithm, which uses integer arithmetic exclusively and takes into consideration a discrete screen. The plot_line() method is based on this algorithm and its implementation is shown in Listing 25.7. Computer graphics and geometric modeling themselves are separate disciplines and involve many sophisticated techniques and algorithms. Deriving even a simple set of driver routines is beyond the scope of the book. The line plotting function just gives us a taste of this type of program and additional information can be found in the bibliographic section.



Listing 25.7 plot_line() method (in vga_core.cpp)
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25.3.3 Test program

The overall test program for the vanilla daisy FPro system is discussed in Section 22.7.3. The frame_check() function verifies the basic operation and the code is shown in Listing 25.8.



Listing 25.8 Frame buffer test function (in main_video_test.cpp)
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The inner for-loop draws 20 random lines originating from the coordinates (400, 200) and the outer for-loop repeats the action ten times.

25.4 PROJECT IDEAS 

A video camera contains an image sensor and converts the image to a pixel stream. Because of the high data rate, most camera modules require a special high-speed I/O interface and thus cannot be used with introductory FPGA prototyping boards. However, there are a few inexpensive modules available. They are based on the OmniVison OV7670 device and can be connected to normal I/O pins. A module is shown in Figure 25.2. The OV7670 device can generate full-frame or subsampled images in a wide range of formats and can be configured via an I2C-like serial interface. At the highest performance, it can output 16-bit color VGA data at a rate of 30 frames per second.


[image: image]

Figure 25.2 OV7670 camera module.



The simplified conceptual diagram of the device is shown at the left of Figure 25.3. The device generates the relevant timing signals and outputs the pixel data via the 8-bit d signal. The 16-bit data is divided into two packets and transmitted in two consecutive clock cycles. The output timing signals consists of pclk (pixel clock), href (horizontal sync), and vsync (vertical sync). These signals are derived from xclk, which is the input reference clock signal and can run at a maximum rate of 48M Hz.
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Figure 25.3 Block diagram of OV7670 and camera core.



The configuration is accomplished by the OmniVision SCCB (serial camera control bus) bus, which is similar to the I2C bus. The sioc and siod signals correspond to I2C’s clock and data signals.

A video core can be developed to integrate the camera module into the FPro video framework. The conceptual diagram is shown at the right of Figure 25.3. It is composed of four major parts. The clock management circuit generates the 48 MHz xclk signal. The I2C-like controller sends the configuration commands via the SCCB bus. The data capture circuit samples the data bus, converts the packets into the 9-bit color format, and decodes the timing signals to generate the start signal, which is asserted at the beginning of a frame. The dual-clock FIFO is used as a buffer for clock-domain crossing since the data capture circuit is driven by the camera-generated pclk clock.

Because the camera’s frame rate (30 frames per second) is much slower than the VGA’s frame rate (60 frames per second rate), the core’s output pixel stream cannot be connected to the FPro stream interface directly. It must be fed to the frame buffer.

25.5 BIBLIOGRAPHIC NOTES 

A wide variety of references are available in the area of computer graphics. These books are based either on an existing API (e.g., OpenGL or DirectX) or primitive routines. A text, Fundamentals of Computer Graphics, fourth ed. by P. Shirley and S. Marschner, provides a comprehensive coverage of general computer graphics. A graphics library, Adafruit_GFX, developed by Adafruit Industries contains many basic functions and is intended for a simple embedded system. The plot_line() method is based on a function in the Adafruit_GFX library.

25.6 SUGGESTED EXPERIMENTS 

25.6.1 Virtual prototyping board panel

We can derive a virtual graphic panel that mirrors the condition of the FPGA prototyping board. The panel should consist of the same numbers of slide switches, pushbutton switches, discrete LEDs, and seven-segment LED displays. Derive the software program and verify its operation.

25.6.2 Virtual analog wall clock

We wish to implement an analog wall clock on the VGA monitor. The clock should have rotating hour, minute, and second hands. Derive the code and verify its operation.

25.6.3 Geometrical model functions

In Section 25.3.1, only the line plotting function is provided. Many additional geometrical modeling routines can be added:

	Function to draw a square or rectangle 

	Function to draw a polygon 

	Function to draw a circle or oval 

	Function to fill a closed shape with a specific color  



Derive these functions and verify their operations.

25.6.4 Simulated “Etch a Sketch” toy

We can implement a simulated “Etch a Sketch” toy with a mouse and VGA monitor. It functions as follows:


	The mouse pointer can be moved to the desired location. 

	Whenever the left button is pressed, the system records the mouse movement and shows the trace on the monitor. 

	When the right button is pressed, the system erases the screen. 



Create an FPro system with the PS2 core, derive the software code, and verify its operation.

25.6.5 Frame buffer core with 3-bit color depth

The frame buffer memory requirement can be eased by reducing the color depth. We want to redesign the frame buffer core for the three-bit color format. The palette circuit can be redesigned as a 23-to-12 lookup table. The processor treats the table as a small memory module and can update the entries. Thus, eight 12-bit colors can be displayed simultaneously. Develop the new core, update the software driver, and verify its operation.

25.6.6 Frame buffer core with 1-bit color depth

Repeat the Experiment 25.6.5 with one-bit color format.

25.6.7 QVGA frame buffer core

The QVGA (quarter VGA) has a 320-by-240 resolution and its display area is one quarter of VGA. We can design a QVGA frame buffer core that outputs a VGA frame. One quarter of the VGA frame is the QVGA display and the other three quarters are filled with the chroma-key color. The QVGA display can be placed in any location within the VGA frame. Develop the new core, update the software driver, and verify its operation.

25.6.8 Line drawing hardware accelerator

A graphic card migrates certain graphic operations to hardware to speed the operation. We can accelerate the line plotting operation (i.e., the plot_line() method) by implementing the algorithm in hardware. The accelerator will accept a command composed of the starting point, the end point, and the color. It then generates the pixels and updates the frame buffer. Study the Bresenham algorithm, derive the custom hardware and incorporate it into the frame buffer core, update the software driver, and verify its operation.

25.6.9 Bidirectional frame buffer access: part I

The daisy video subsystem only supports a bus write operation; i.e., the processor cannot read data from video core’s registers or local RAM. Some applications may need to retrieve data from a video core. To overcome the problem, the application software can maintain a copy of data mirroring the content of the core’s RAM content. However, this approach is not feasible for the frame buffer core because of the size of its memory. To incorporate the read functionality in the frame buffer core, the bridge and video controller need to be modified to support the bidirectional traffic. Develop the new core, and modify the daisy video system as needed, update the software driver, and verify the system operation.

25.6.10 Bidirectional frame buffer access: part II

With the bidirectional frame buffer, the hardware overlay operation can be simulated by software. Consider a mouse pointer layer. The software can use a smaller buffer to store the background pixels under the mouse bitmap. We can move the mouse pointer icon on top of the background frame as follows:

	Restore the background pixels by writing back the buffered pixels to the frame buffer. 

	Read the area of the new destination from the frame buffer and store the pixels to the software buffer. 

	Write the mouse pointer bitmap to the destination area of the frame buffer.  



Derive the software and verify its operation.





PART V
EPILOGUE  






CHAPTER 26 
WHAT’S NEXT

The primary focus of the book is on digital system development at the register-transfer level. We discuss the design principles and practices through a series of projects and introduce the basic concepts of SoC and hardware-software co-design along the way.

However, today’s FPGA devices are very sophisticated and capable. The capability of a high-end FPGA device rivals the entry-level ASIC devices and its development goes beyond the register-transfer-level design. Following are the main areas to continue:


	EDA (electronic design automation) tool

	IP-centric development flow

	High-level development tool

	Embedded OS

	Full SystemVerilog language

	Testbench and verification



The Nexys 4 DDR board contains a large Artix device and the necessary memory device and network ports. It can be used for the first four areas.

EDA tool

Developing a digital system is a complex task and is aided by a collection of EDA tools for synthesis, placement and routing, timing analysis, etc. In Vivado Design Suite, these tools are integrated into a single GUI framework. Our development basically uses the default setting. Studying the user guides and manuals for these tools can help us better understand the development procedure, have more control over the processes, and derive more efficient implementation.

IP-centric development flow

Since the book is about learning digital system design and developing portable HDL codes, we deliberately avoid vendor-specific IP cores and design our own cores from scratch. In real-world practice, it is estimated that the pre-designed IP cores accounts for 70% to 90% of the gate count of a complex digital system.

Learning the following topics can help us embrace the IP-centric development flow in the Xilinx platform:


	AXI interface. The AXI interface is used widely in SoC design and is the interconnect structure used in the Xilinx IP platform. The IP core developed for the FPro bus and even the entire subsystem can be converted to an AXI interface and integrated into the Xilinx IP platform.

	MicroBlaze processor. The MicroBlaze MCS used in the FPro system is a simple, pre-configured MicroBlaze system, as discussed in Section 11.6.1. The full MicroBlaze processor supports the AXI interface and can incorporate a high-performance memory controller and the full range of IP cores.

	MIG (memory interface generator) utility and DDR memory controller. The MIG utility can be used to generate and configure a DDR memory controller to access the external DDR SDRAM device on the Nexsys 4 DDR board. The memory module then can be used as the main memory of the MicorBlaze processor. In addition, it can be shared as the frame buffer through proper partition.

	IP Integrator utility. The IP-based system construction in the Vivado Design Suite is done by the IP Integrator utility. It is a GUI to derive system-level schematics.



High-level development tool

Hardware design can be created at different levels of abstraction. The book is mainly at the register-transfer (RT) level, in which a digital system is described in terms of data transfer and manipulation between registers (like an FSMD). High-level synthesis (HLS), sometimes referred to as electronic system-level (ESL) synthesis, focuses on a more abstract level. It describes the hardware’s “algorithmic behavior” using C-like language constructs and generates RT-level HDL codes. The HLS tools have gradually improved and become more available. The Vivado Design Suite includes the Vivado HLS package for this purpose.

Embedded OS

The FPro system uses a bare metal model for software development. With the full MicroBlaze processor and adequate external memory, a full-fledge OS, such as Linux, can be installed. The OS enables us to use the more complex I/O peripherals, such as the network and USB controllers, which require sophisticated drivers and protocol stacks. It also has better support for task scheduling and file systems. Xilinx supports the PetaLinux tools, which help developers configure, build, and deploy Linux to Xilinx FPGA based systems.

Full SystemVerilog language

SystemVerilog is a complex language. It is intended to model hardware behavior at various levels and to facilitate the verification process. Since the book focuses on design, it covers only a small synthesizable subset of SystemVerilog. It is necessary to learn the complete language to perform the simulation and verification tasks.

Testbench and verification

Verification is a key part of the development process. In a large digital system, the effort and time spent on verification is comparable to, if not exceeding, the effort and time spent on design. One key technique is to develop comprehensive testbenches to simulate and verify the design in a host computer. Another technique is to check the system’s properties via assertions. We should learn these skills after acquiring a good understanding of the full SystemVerilog language.





APPENDIX A 
TUTORIALS

We use the Xilinx Vivado Design Suite and SDK (software development kit) for hardware and software development, respectively. These packages consist of a comprehensive array of tools and are very complex. A detailed discussion of their use is beyond the scope of this book. The appendix gives a brief overview of the Vivado Design Suite and SDK and presents short tutorials to illustrate the basic flow of hardware development, simulation, Xilinx IP core instantiation, and software development. The purpose of the tutorials is to “jump-start” the process. The readers then can refer to Xilinx’s manuals and user guides for the detailed information.

As FPGA’s capability and capacity continue to grow, the EDA (electronic design automation) tools evolve at a similar pace. The software is updated and patched almost on a quarterly basis. The tutorials are based on the Vivado WebPack version 2017. While the basic development flow is expected to remain the same, some details, such as the menu items and icon arrangement, may differ in the new versions.

A.1 OVERVIEW OF XILINX VIVADO IDE

The Vivado Design Suite provides comprehensive development facilities for Xilinx’s advanced FPGA devices and the Vivado IDE is a graphical interface for users to access EDA tools and to manage design sources, configuration, and results.

A typical Vivado GUI window is shown in Figure A.1. It is divided into three major areas:
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Figure A.1 Typical Vivado window.




	Flow Navigator area. It contains one subwindow that shows the flow of major development processes.

	Task area. It contains several subwindows. The types and layouts of subwindows depend on the process selected in the Flow Navigator. The task area associated with the Project Manager process is shown in Figure A.1.

	Console area. It accepts Tcl commands and displays status and error messages, reports, logs, etc. 



Each subwindow may be resized, moved, docked, or undocked. The default layout can be restored by selecting the Layout ≻ Reset Layout menu. Note that a subwindow may contain multiple pages. The tabs at the bottom are used to select the desired page. The details are discussed in the following subsections.

Flow Navigator subwindow

The Flow Navigator subwindow shows the major development processes and their subprocesses, as shown in Figure A.2. The RTL Analysis, Synthesis, Implementation, and Program and Debug processes resemble the left branch in Figure 2.3 and the Simulation process resembles the right branch. A process contains several subprocesses. A subprocess can be launched by clicking on the corresponding icon.
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Figure A.2 Flow Navigator subwindow.



The development invokes the processes in a specific order. However, Flow Navigator incorporates a “auto-make” scheme, which automatically runs the processes necessary to get to the desired step. For example, when we initiate the Generate Bitstream subprocess in the bottom panel, Flow Navigator automatically invokes the Synthesis and Implementation processes since bit file generation depends on the implementation result, which, in turn, depends on the synthesis result.

The Vivado GUI is not fixed. The available features, such as menu items, icons, and types of documents, are adjusted according to the current process.

Task area for Project Manager

This book mainly uses Project Manager for development and its window as shown in in Figure A.1. This is also the default setting when Vivado is launched. The area contains three subwindows:


	Sources subwindow

	Source File Property subwindow

	Workplace subwindow



The Sources subwindow provides automated source file management. A typical subwindow is shown in Figure A.3.
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Figure A.3 Typical source subwindow.



The sources can be displayed in a specific view, selected by the tabs at the bottom. We mainly use the Hierarchy view for the basic hardware development.

The Hierarchy view organizes sources into three folders, which are Design Sources, Constraints, and Simulation Sources, and displays the sources according to the internal design hierarchy. The hierarchy updates automatically when new sources are added to the project. The top-level module is identified by boldface and an icon, as in the eq top module. The synthesis and implementation processes are performed for this particular module. We can manually set the top-level module by right-clicking a module and selecting Set as Top in the pop-up menu.

The Source File Property subwindow shows the relevant information of the highlighted source item in the Sources subwindow, such as the file location and size.

The Workplace subwindow contains multiple documents (such as HDL code, report, and schematic) for viewing and editing. Its content and layout depends on the current process. A document is invoked when we select an item in the Sources subwindow or activate certain processes from the Flow Navigator subwindow. During the hardware development, we mainly use it to edit the HDL files and to check the design summary and various reports. During simulation, we use it to observe the simulated waveform.

Console subwindow

The Console subwindow accepts Tcl commands, shows the progress of various processes, and displays status and error messages, reports, logs, etc. We mainly use the Message tab, which displays errors, warnings, and information messages. It helps us identify and locate any problems in the HDL code.

A.2 SHORT TUTORIAL ON VIVADO HARDWARE DEVELOPMENT

In Vivado IDE, the simplified hardware development flow consists of the following steps:


	Create a design project.

	Add or create Xilinx IP core instances.

	Add or create HDL design codes.

	Add a constraint file.

	Perform synthesis, implementation, and bitstream generation.

	Program an FPGA device.



We use the 2-bit comparator discussed in Chapter 1 for the tutorial. The codes are repeated in Listings A.1, A.2, and A.3.



Listing A.1 Gate-level implementation of a 1-bit comparator
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Listing A.2 Structural description of a 2-bit comparator
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Listing A.3 Top-level wrapping circuit
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A.2.1 Create a design project

A new Vivado project can be created as follows:


	Select Vivado from the Windows start menu or click on the Vivado icon.

	In the Vivado startup window, click on the Create New Project icon. The New Project window appears.

	Enter the project name as eq2 and the desired directory location and click Next.

	In the 	Project Type dialog, select RTL project and check the Do not specify sources at this time box. Click Next. We will add the files later using Project Manager, which is more flexible and provides more control.

	In the part selection dialog, click the	Parts tab in select field to specify the target FPGA device. For the Nexys 4 DDR board, select the following:

	Product Category: All

	Family: Artix-7

	Sub-Family: Artix-7

	Package: csg324

	Speed: -1

	Part: xc7a100tcsg324-1






For other board, this information can be found in the FPGA board manual or by checking the marking on the top of the FPGA chip. After selection, click Next and then Finish to complete the creation. The main Vivado window, similar to that in Figure A.1, appears.

Note that there is a Boards tab in the select field and the Nexys 4 DDR board may exist. However, the information specified in the board configuration is not compatible with the book’s codes and thus should not be used.

The device and language information can be changed later by invoking the Settings subprocess of Project Management in the Flow Navigator subwindow.

A.2.2 Add or create Xilinx IP core instances

Xilinx provides a comprehensive collection of IP cores. Since the focus of the book is on digital hardware design, we develop most circuit in HDL from scratch. Only a few Xilinx IP cores are used and the creation of the core instances is discussed in Section A.4. The procedure to add existing IP instance files to a project is similar to add existing HDL files. No Xilinx IP core instance is used in this tutorial.

A.2.3 Add or create HDL design files

After a project is created, we can add existing HDL files to the project or create new HDL files. The procedure to add existing HDL files is as follows:


	In the Flow Navigator subwindow, expand Project Manager and then select Add Sources. A dialog appears.

	Select the Add or create design sources button and click Next to proceed to the next dialog.

	In this dialog window, press the “+” sign in middle of the dialog window. A small window pops up with three items: Add files.., Add directories.., and Create Files...

	Click the Add files.. item and navigate to the location. Select the three comparator files and add them to the list. Alternatively, if the three files are in the same folder, click Add directories.. to add the directory.

	After including all the needed files, click the Finish button. The files will be analyzed and imported to the project and displayed hierarchically in the Design Sources of the Sources subwindow, as shown in Figure A.3.



Alternatively, the three HDL files can be constructed from scratch. The procedure to create a new HDL file is as follows:


	Follow the first three steps as before.

	Click the Create files.. item and a Create Source File dialog appears.

	Set the File type: field to SystemVerilog, enter the file name, and click OK to close the dialog.

	Click Finish to close the Add Sources dialog. A Define Module dialog appears.

	This dialog allows us to enter the port names and architecture name. 	These names are embedded in the HDL code later. Click OK and the file is added to the Sources subwindow.

	Click on the file and it appears in the Workplace subwindow. Enter the HDL code and then save the file.



A.2.4 Add a constraint file

Constraints are certain conditions imposed on the synthesis and implementation processes. For our purposes, the main constraints are the pin assignments of top-level I/O ports and the system clock rate. During the implementation process, an I/O signal of the top-level module must be mapped to a physical pin of the FPGA device. Since the peripherals’ I/O signals are already permanently connected to the designated FPGA’s pins on the prototyping board, we must ensure that the signals are mapped to the corresponding pins. The other type of constraint is about timing, which specifies the clock frequency of the board’s oscillator.

The constraint information is presented in an XDC (Xilinx Design Constraints) format, which is based on the industry-standard SDC (Synopsys Design Constraints) format. For example, the following statement specifies that signal sw[0], the LSB of the switch input, is mapped to pin J15 with the LVCMOS33 (low-voltage CMOS 3.3 volt) standard. Note that the # sign is used for a comment and the text after it is ignored.

# set I/O pin and electrical standard for signal sw[0]
set_property -dict {PACKAGE_PIN J15 IOSTANDARD LVCMOS33}
   [get_ports {sw[0]}];

The constraint information is stored in file with an extension of .xdc and can be edited by a normal text editor.

The nexys4_ddr_chu.xdc constraint file is used for all designs of the book. The file is tailored for the Nexys 4 DDR board and includes the constraints for the pin assignments and the system clock rate. It is recommended to use the same I/O port names in the top-level module. If necessary, a top-level wrapping circuit can be used to re-map the I/O signals, as in Listing A.3. The code essentially maps the “logical” port names of the comparator to the physical signals on the prototyping board.

The procedure to add the constraint file to a project is similar to that of adding a design file:


	In the Flow Navigator subwindow, expand Project Manager and then select Add Sources. A dialog appears.

	Select the Add or create constraints button and click Next to proceed to the next dialog.

	In this dialog window, press the “+” sign.

	Click Add files.. and navigate to the location. Select the nexys4_ddr_chu.xdc file and check the copy constraints files into project box.

	Click the Finish button. The file will be imported to the project and displayed under the Constraints folder of the Sources subwindow.

	Click on the file and it appears in the Workplace subwindow. Comment out the constraints associated with the unused I/O signals and then save the file.



The last step can be skipped. However, this is not recommended since the unused pin assignments in the constraint file will lead to a larger number of warning messages.

A.2.5 Perform synthesis, implementation, and bitstream generation

Realizing a design consists of three cascading processes:


	Synthesis

	Implementation

	Bitstream generation



The processes can be invoked from the Flow Navigator subwindow sequentially. The procedure is as follows:


	Make sure that the desired module is designated as the top-level module (with boldface and an icon to the left).

	In the Flow Navigator subwindow, expand Synthesis and then select Run synthesis

	If there are errors, check the message tab on the Console area, fix the problems, and repeat.

	If there is no syntactic error, a Synthesis Completed windows appears and asks for the next action. Click the Cancel button since we will invoke the subsequent processes manually.

	It is recommended to check the warning messages. Many messages relate to design errors, such as unassigned signals and combinational loops. Fix the problems and repeat Step 2.

	After the synthesis process is completed, a series of analysis and reports are generated. If desired, expand the Synthesized Design subprocess and then select and examine a report.

	In the Flow Navigator subwindow, expand Implementation and then select Run Implementation.

	If desired, expand the Open Implemented Design subprocess and select and examine a report.

	In the Flow Navigator subwindow, expand Program and Debug and then select Generate Bitstream. When the process completes, the Bitstream Generation Completed dialog appears. Click the Cancel button to close the dialog.



Recall that Flow Navigator supports the “auto-make” scheme, which automatically runs the processes necessary to get to the desired step. Another way to complete these tasks is simply starting the bitstream generation process. The synthesis and implementation processes will be invoked automatically.

A.2.6 Program an FPGA device

The last step is to program the FPGA device; i.e., to download the configuration file (i.e., the bit file) to the FPGA device. The procedure is as follows:


	Connect the USB cable to the micro USB port (labeled PROG UART) on the Nexys 4 DDR board and turn on the power. Make sure that Jumper JP1 is in the JTAG position.

	In the Flow Navigator subwindow, expand Program and Debug, select Open Hardware Manager, and then select Open Target. If the Nexys 4 DDR board was set up before, select Recent Targets and then localhost ..., and go to Step 4. Otherwise, select Open New Target and an Open New Hardware Target window appears.

	Click the Next button to go through a series of screens. Select Local server in the second screen and select Digilent board in the third one. Click the Finish button to close the window.

	In the Flow Navigator subwindow, select Program Device. A small window labeled with xc7a100t appears. Select it and a Program Device dialog appears.

	Click the Program button to download the bit file.

	Verify the operation with the switches and the LED.



An alternative way to configure the FPGA is to download the configuration file to a flash device and load the configuration file from it when the power is turned on. More information of this method can be found on the Digilent website.

A.3 SHORT TUTORIAL ON VIVADO SIMULATION

The Vivado Design Suite integrates a simulator within the framework, which can perform behavioral, post-synthesis, and post-implementation simulations. Recall that the layout of the Task area depends on the process. A window with a typical simulation area is shown in Figure A.4. The area contains three subwindows:


	Scope subwindow

	Objects subwindow

	Workplace subwindow
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Figure A.4 Complete simulation window.



The Scope subwindow shows the SystemVerilog design hierarchy. The scope can be expanded or collapsed similar to the file folder structure. The Objects subwindow displays the SystemVerilog objects, which can be ports, variables, constants, etc., within the highlighted scope. The Workplace subwindow contains multiple documents. The key document is the waveforms of the Waveform subwindow, as shown in Figure A.4.

We use the 2-bit comparator testbench discussed in Chapter 1 for the tutorial. The design codes are shown in Listings A.1 and A.2 and the testbench code is repeated in Listing A.4.



Listing A.4 Testbench for a 2-bit comparator


[image: ]

In the Vivado Design Suite, a simplified simulation flow consists of the following steps:


	Create a design project.

	Add or create HDL design codes.

	Add or create HDL testbench.

	Perform the initial simulation.

	Customize the waveform subwindow and re-simulate.



The first and the second steps are identical to those in Section A.2. Note that the source subwindow in Figure A.3 includes a Design Sources folder and a Simulation Sources folder. When an HDL design file is added, it is included in the Simulation Sources folder as well. Thus, the first two steps can be omitted if the project is already set up for synthesis. The remaining steps are discussed in the following subsections.

A.3.1 Add or create HDL testbench

Adding an existing HDL testbench file is similar to adding a design file and the procedure is as follows:


	In the Flow Navigator subwindow, expand Project Manager and then select Add Sources.

	Select the Add or create simulation sources button and click Next to proceed to the next dialog.

	In this dialog window, press the “+” sign in middle of the dialog window. A small window pops up with three items: Add files.., Add directories.., and Create Files...

	Click Add files.. item and navigate to the location. Select the testbench file and add it to the list.

	Click the Finish button. The files will be analyzed and imported to the project and displayed hierarchically in the Simulations folder of the Sources window, as shown in Figure A.3.

	Make sure that that eq2_testbench is designated as the top-level module. If this is not the case, right-click the module and then click Set as Top item.



The procedure is similar to adding a design file except that the Add or create simulation sources button is selected in the second step. Because of this, the testbench file is not included in the Design Sources folder.

A.3.2 Perform initial simulation

After the testbench is set up, the procedure to perform simulation is as follows:


	In the Flow Navigator subwindow, select Run Simulation and then Run Behavioral Simulation.

	After the codes are successfully compiled, the simulator GUI opens in the Workplace subwindow, as shown in Figure A.5.
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Figure A.5 Initial simulation window.



By default, the HDL objects of the top-level entity (i.e., eq2_tb) are displayed in the Waveform subwindow and the simulation runs for 1000 ns. If desired, select the Run ≻ Run all menu to complete the simulation.

A.3.3 Customize waveform display

It is frequently necessary to examine signals in lower-level modules. Additional signals can added and the Waveform subwindow can be customized accordingly. For example, we want to check the operations of the two one-bit comparators by adding their I/O signals to the subwindow. This can be done as follows:


	In the Scopes subwindow, expand the eq2_testbench icon and then the uut icon, and next highlight the eq_bit0_unit instance. The Objects subwindow is updated accordingly and lists I/O ports and internal signals of the eq_bit0_unit instance.

	In the Objects subwindow, select i0, i1, and eq and then drag and drop them to the Waveform subwindow.

	Repeat the two previous steps with the eq_bit1_unit instance.

	Division bars can be add to the Waveform subwindow to make the waveforms more organized. In the top of the Waveform subwindow, right-click to open the pop-up menu, select New Divider to add a division bar, and enter the top-level for its name.

	Repeat the previous step two more times to add two bars and name them comparator 1 and comparator 2. Drag them to separate the signals from the two one-bit comparator instances.

	Select the Run ≻ Restart.. menu to reset the simulation and then select Run all to complete the new simulation. The finished waveforms are shown in Figure A.4. The waveforms verify the operation of the top-level circuit and the two one-bit comparators.



A.4 TUTORIAL ON IP INSTANTIATION

Xilinx provides a comprehensive collection of IP cores. Since the focus of the book is on digital hardware design, we develop our own cores in HDL from scratch. However, certain FPGA’s macro cells, such as XADC, can only be incorporated as a Xilinx IP core.

There are three general approaches to instantiate a Xilinx IP core in Vivado Design Suite:


	Copy and modify the pre-designed HDL template.

	Instantiate a single IP instance with the IP catalog utility.

	Construct an IP-based system with the IP Integrator utility.



In the first and second approaches, an IP core is instantiated as an isolated HDL module and manually incorporated into the upper-level HDL code. In the third approach, IP cores are the only building blocks and used to construct the entire system. We only use the first two approaches in the book.

The following Xilinx IP cores are used in the book:


	MicroBlaze MCS core in Chapter 10

	XADC core in Chapter 13

	Dual-clock FIFO core in Chapter 22

	Clock management core in Chapter 22



The procedures to create and configure these IPs are covered in the following subsections.

When an IP core is created, the instance is wrapped in an HDL module. The choice of the language is usually Verilog or VHDL. Since SystemVerilog is backward compatible with Verilog, this Verilog module or code segment can be incorporated in the SystemVerilog code directly.

The HDL files and core script files (the .xci/.xcix files) can be found on the companion website. They are stored in the xilinx_ip folder. If an Artix-7 device is used, they can be used directly without going through the following tutorials. However, these files are obtained with Vivado version 2017.1 and may need to be regenerated for later versions. The file structure is:


	ip_xci folder

	– cpu.xci

	– xadc_fpro.xci

	– mmcm_fpro.xci




	ip_hdl folder

	– xadc_fpro.v

	– mmcm_fpro.v






The HDL files can be imported as regular HDL source files, as discussed in Section A.2.3. A xci file can be imported by selecting Add existing IP in the Adding Sources.. step. Only one type of file should be imported for a project (e.g., either xadc_fpro.v or xadc_fpro.xci).

The dual-clock FIFO is instantiated directly as an HDL primitive and there is no separate file.

A.4.1 Dual-clock FIFO core via HDL templates

Xilinx provides a collection of HDL templates. These templates include codes to instantiate Xilinx’s proprietary IP cores. We use this approach to obtain the dual-clock FIFO core. The Artix-7 BRAM itself can be configured as a FIFO buffer without additional logic. A single 16Kb BRAM module can support a 1024-by-13 dual-clock FIFO required by the line buffer of Chapter 22. The procedure to obtain the template is as follows:


	Select the Tools ≻ Language Templates menu and a subwindow appears.

	Click Verilog (not SystemVerilog), Device Macro instantiation, Artix-7, RAM, and Dual Clock FIFO. The instantiation code segment is displayed in the right panel, as shown in Figure A.6.

	Copy the code segment to the top-level HDL file and modify the code as needed.
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Figure A.6 BRAM-based dual-clock FIFO template window.



A.4.2 IP Catalog utility

A sophisticated IP core has many configurable parameters and optional features. It is too tedious to set up the core with an HDL template. Various “wizard” programs guide users to configure the core and generate the HDL file. This is done with the IP catalog utility. Instantiating a single IP instance consists of the following steps:


	Invoke a specific “wizard” to configure the desired IP core.

	Generate the HDL file.

	Instantiate the IP as a component in the top-level HDL file.



After the first step, a high-level description file with an extension of .xic is created. It is then used as a “blueprint” to generate HDL files. Once created, the .xic file can be copied and reused. It can be incorporated into a project by invoking the Add existing IP procedure, similar to that of adding an HDL source or constraint file.

A.4.3 Generate a MicroBlaze MCS component

The procedure to create and configure a MicroBlaze MCS instance is as follows:


	In the Flow Navigator subwindow, expand Project Manager and then select IP Catalog. The IP Catalog subwindow appears.

	Select Embedded Processing, then Processor, and then MicroBlaze MCS. A MicroBlaze MCS dialog window appears, as shown in Figure A.7.

	In MCS page, configure the core:

	Enter a name, say cpu, in the Component Name field.

	Select 128KB in the Memory Size field to obtain maximal memory.

	Enter 100 in the Input Clock Frequency (MHz) field since the 100M-Hz system clock is used.

	Check the Enable IO Bus box to include the bus interface. No component in other tabs should be included since we construct the FPro system’s I/O subsystem from scratch. The completed configuration should be similar to that in Figure A.7.




	Click the OK button and a Generate Output Products dialog appears.

	Click the Global button and then the Generate button. A Xilinx IP description file cpu.xci is created and a collection of HDL and constraint files is generated.

These files are automatically added to the Design Sources folder of the Sources subwindow.
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Figure A.7 MicroBlaze MCS configuration window.



After creation, the IP instance’s relevant files can be found in the IP Sources tab of the Sources subwindow, as shown in the left panel of Figure A.8. There are several folders. The Synthesis and Simulation folders contain the HDL files for synthesis and simulation, respectively. The Instantiation Template folder contains the HDL templates to instantiate the IP core. The cpu.veo file is for Verilog and its content is shown in the Workplace subwindow of Figure A.8. It contains a code segment for component instantiation. The segment can be copied and pasted in a SystemVerilog program, as in Listing 11.8.
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Figure A.8 MicroBlaze .veo file.



A.4.4 XADC IP core

The procedure to create an XADC instance is shown below. It is configured to meet the design requirement specified in Section 13.2.


	In the Flow Navigator subwindow, expand Project Manager and then select IP Catalog. The IP Catalog subwindow appears.

	Select FPGA Features and Design, then XADC, and then XADC Wizard. An XADC Wizard dialog window appears.

	In the Basic page, configure the core:

	Enter xadc_fpro in the Component Name field.

	Select DRP in the Interface Options field.

	Select Continuous Mode in the Timing mode field.

	Select Channel Sequencer in the Startup Channel Selection field.



The completed page is shown in Figure A.9.



	In the ADC Setup page, confirm that continuous option is selected in the Sequencer Mode field.

	In the Alarms page, deselect all alarms. Confirm that continuous option is selected in the Sequencer Mode field.

	In the Channel Sequencer page, uncheck the boxes in Bipolar column and check the following boxes in Channel Enable column: TEMPERATURE (for die temperature), VCCINT (for die core voltage), vauxp2/vauxn2, vauxp3/vauxn3, vauxp10/vauxn10, and vauxp11/vauxn11. The completed page is shown in Figure A.10.

	Click the OK button and then the Generate button to generate the xadc_fpro.xci file and HDL files.
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Figure A.9 Basic page of XADC Wizard.
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Figure A.10 Channel Sequencer page of XADC Wizard



As in the MicroBlaze MCS IP discussed in Section A.4.3, the HDL template files can be found in the Instantiation Template folder of the xadc_fpro instance in the IP Sources page. The component instantiation segment can be copied and pasted, as in Listing 13.1.

A.4.5 Clock management IP core

The procedure to create a clock management IP instance is shown below. It is configured to generate the 25M-Hz, 40M-Hz, and 65M-Hz clocks required for the video synchronization. The 25M-Hz clock is used for the VGA synchronization core of Chapter 22 and the other two are for the SVGA and XGA resolutions in homework experiments.


	In the Flow Navigator subwindow, expand Project Manager and then select IP Catalog. The IP Catalog window appears.

	Select FPGA Features and Design, then Clocking, and then Clocking Wizard. A Clocking Wizard dialog window appears.

	In the Clocking Options page, verify the following:

	MMCM is selected in primitive field.

	100 is specified in the Input Frequency (MHz) column of the Input Clock Information field.

	In the Component Name field, enter mmcm_fpro.




	In the Output Clocks page,

	enter 100 in the Output Frequency (MHz) / Requested column of the clk_out1 row.

	enter 25 in the Output Frequency (MHz) / Requested column of the clk_out2 row.

	enter 40 in the Output Frequency (MHz) / Requested column of the clk_out3 row.

	enter 65 in the Output Frequency (MHz) / Requested column of the clk_out4 row.



The completed page is shown in Figure A.11 Note that the exact 65M-Hz clock cannot be obtained and a 66.667M-Hz clock is generated.


	In the Port Renaming page, rename the input port and four output ports clk_in_100M, clk_100M, clk_25M, clk_40M, and clk_67M, respectively.

	Click the OK button and then Generate button to generate the mmcm_fpro.xci file and HDL files.



Similar to the MicroBlaze MCS IP core discussed in Section A.4.3, the HDL template files can be found in Instantiation Template folder of the mmcm_fpro instance in the IP Sources page. The component instantiation segment can be copied and pasted, as in Listing 22.12.
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Figure A.11 Output Clocks page of MMCM Wizard



A.5 SHORT TUTORIAL ON FPRO SYSTEM DEVELOPMENT

The FPro system development involves the derivation of hardware and software. The procedure consists of following steps:


	Create a design project.

	Add or create a MicroBlaze MCS instance.

	Add or create HDL codes with an MCS instance.

	Add a constraint file.

	Perform synthesis, implementation, and bitstream generation.

	Export hardware configuration.

	Derive software and generate the executable file (elf file).

	Embed the elf file into FPGA’s memory module and regenerate bitstream.

	Set up the terminal emulator program.

	Program an FPGA device.



The procedure expands the previous hardware development procedure in Section A.2 and incorporates three additional steps (Steps 6, 7, and 8) to accommodate the software development. The tutorials of the three steps are provided in the following subsections.

Note that Vivado Design Suite can serve as a platform for SoC development. The IP Integrator process of Flow Navigator is for this purpose. However, the platform is intended for full-featured MicroBlaze and AXI-based IP cores. Support for MicroBlaze MCS is limited and its development does not follow Vivado’s general IP-based flow. The FPro system in the book is constructed from scratch and does not use any Vivado’s built-in IP integration facilities.

A.5.1 Derive FPro system hardware

We use the vanilla FPro system discussed in Section 11.7 for the tutorial. The cpu.xic IP file and HDL files can be found in the companion website. The FPro system hardware can be derived as follows:


	Create a design project: same as in Section A.2.1.

	Add a MicroBlaze MCS instance: 	add cpu.xic to project. The .xic may need to be updated for the new Vivado version. Follow the procedure in Section A.4.3 to recreate the instance if needed.

	Add HDL codes: add the following HDL files:

	Top-level design and slot definition: mcs_top_vanilla and chu_io_map

	MMIO subsystem and bridge: mmio_sys_vanilla, chu_mmio_controller, and chu_mcs_bridge

	GPI, GPO, and timer MMIO cores: chu_gpi, chu_gpo, and chu_timer

	UART core: chu_uart, uart, uart_rx, uart_tx_baud_gen, fifo, fifo_ctrl, and reg_file




	Add a constraint file: same as in Section A.2.4.

	Perform synthesis, implementation, and bitstream generation: same as in Section A.2.5.



A.5.2 Export hardware configuration

Many features of MicroBlaze MCS core can be customized and thus the configuration of each instance can be different. This configuration information can be obtained and encapsulated in a hardware description file. The file can be obtained as follows:



	Select the File ≻ Export ≻ Export Hardware... menu and a subwindow appears.

	In the Export to field, navigate to destination folder and then click the Ok button.

	The hardware description file (with the extension of .hdf) is generated in the designated folder.



Since an FPro system is designed manually from scratch and not from IP Integrator, the hardware description file only contains the information about the MicroBlaze MCS configuration, not the entire FPro system. Thus, this step does not need to be repeated if the same MicroBlaze MCS instance is used.

A.5.3 Derive software

We use Xilinx SDK (software development kit) as the platform for software development. It is based on Eclipse IDE (integrated development environment) with a custom Xilinx plug-in module. A typical Xilinx SDK window is shown in Figure A.12. The basic software model constitutes a three-layer hierarchy:


	Hardware platform specifications

	BSP (board support package)

	Application program
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Figure A.12 Xilinx SDK.



An embedded system is built around a specific application and its configuration is tailored to support the application. Hardware platform specification is the bottom layer that captures the relevant hardware information required for software development and deployment. BSP is the middle layer. It is a software library that contains drivers and start-up routines based on the information from a specific hardware platform specification file. The term is borrowed from the traditional embedded system development, in which the system is usually realized by a custom printed circuit board. An application program is the top-layer that uses the routines in the BSP library to access hardware.

This software model is automated for a system derived from Vivado’s IP Integrator. Since the FPro system is designed from scratch, the first two layers are just for MicroBlaze MCS and the BSP only contains a start-up routine. We need to manually include the software I/O drivers in an application program.

The software development constructs the three layers in sequence. The basic steps are:


	Select Xilinx SDK from the Windows start menu or click on the SDK icon. Do not launch it from Vivado.

	Create or select a workspace.

	Select File ≻ New ≻ Others and a window appears. Expand the Xilinx folder and then select Hardware Platform Specification. The New Hardware Project dialog appears.

	Enter a name, say mcs_cpu_platform, for the hardware project. In Target Hardware Specification field, navigate to the destination folder specified in Section A.5.2 and select the .hdf file. Click the finish button to generate thr hardware platform specifications. The new specifications folder appears on the Project Explorer subwindow.

	Select File ≻ New ≻ Board Support Package and a dialog appears. Enter a name, say mcs_cpu_bsp, for the BSP project, select the previously created mcs_cpu_platform in Target Hardware, and then select standalone for the OS field, as shown in Figure A.13. Click the finish button to generate BSP. The new BSP folder appears the Project Explorer subwindow.

	Select File ≻ New ≻ Application Project and a dialog appears. Enter a name, say vanilla_test, for the application project, select the previously created mcs_cpu_platform and mcs_cpu_bsp, and then click on C++ button, as shown in Figure A.14. Click the finish button to create a new application project. The new application project folder appears in the Project Explorer subwindow.

	Import the main program file and driver files discussed in Chapter 10. 	An easy way to do this is to open Windows File Explores and drag these files into the src folder. The Project Explorer subwindow of the completed project is shown in Figure A.15.

	By default, Xilinx SDK is configured to build the project automatically and thus the vanilla_test.elf file is compiled and linked automatically after the files are dragged into the project. Note that the file size is displayed in the console tab, shown in Figure A.16.
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Figure A.13 BSP dialog.
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Figure A.14 New project dialog.
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Figure A.15 Project Explorer subwindow.
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Figure A.16 File size information.



A.5.4 Embed elf file into FPGA’s memory module and regenerate bitstream

After the elf file is generated, it can be used as the initial values of the FPGA’s BRAMs and incorporated into the module definitions. When the bitstream is generated, these values are embedded into the bit file. The steps are as follows:


	In Vivado Design Suite, select the Tools ≻ Associate ELF Files ... menu and a dialog appears. Navigate the folder and select vanilla_test.elf and then click OK. The file will be shown under the ELF subfolder of the Design Sources folder in the Sources subwindow.

	Follow the procedure in Section A.2 to regenerate the bit file.



A.5.5 Set up the terminal emulator program

To display the UART output character stream, a terminal emulator program is needed. We use a program, PuTTY, for this purpose. PuTTY is a telnet client and can be downloaded for free. The procedure to set up PuTTY is as follows:


	Connect the Nexys 4 DDR board to the PC’s USB port and turn on the power of the board. The PC should recognize the FT2232 device of the board and treat the connection as a serial port.

	In Windows, open Control Panel, select Device Manager, and expand Ports (COM & LPT). The board should be listed as one of the serial ports, labeled as USB Serial Port (COMn), where n is the designated serial port (i.e., COM port) number. Record this number.

	Invoke 	the PuTTY program. In its application window, select the Serial button for serial port and enter the previous recorded COMn in the Serial line field. Make sure that the 9600 baud rate is specified in the Speed field. The completed configuration screen is shown in Figure A.17.

	Click the Open button and the terminal window appears.




[image: ]

Figure A.17 PuTTY screen.



A.5.6 Program an FPGA device

Follow the procedure in Section A.2 to download the bit file to an FPGA device. The program starts upon completion and the UART character data stream from the FPGA board will be displayed in PuTTY window.

Note that that the bitstream needed to be regenerated and downloaded after each software revision; i.e., Steps 7, 8, and 10 need to be repeated for each revision.

A.6 BIBLIOGRAPHIC NOTES

Vivado is a complex software package. Four Vivado user guides, UG888 Vivado Design Suite Tutorial: Design Flows Overview, UG986 Vivado Design Suite Tutorial: Implementation, UG936 Vivado Design Suite Tutorial: Programming and Debugging, and UG937 Vivado Design Suite Tutorial: Logic Simulation provide more in-depth tutorials. Additional information can be found in various references, user guides, and application notes. An easy way to search for information is via Xilinx DocNav (Document Navigator), a software utility downloaded along with the Vivado package.

Lots of useful information for Xilinx SDK can be found in its Help menu.
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	CDC (clock domain crossing)

	chroma-key blending

	chu io map.h

	chu io map.svh

	chu io rw.h

	CLB (configurable logic block)

	clock domain

	clock management core

	clock tree

	coding style

	color depth

	color-to-grayscale conversion circuit

	comments
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	connection by ordered list

	constant
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	D FF

	DAC (digital-to-analog converter)

	DAC

	data cache

	data type

	enumerated

	integer

	logic
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	one-dimensional array

	reg

	signed

	tri

	two-dimensional array

	wire

	x value

	z value




	DDFS (direct digital frequency synthesis) 

	controller

	core

	driver

	implementation




	debouncing 

	circuit

	core

	driver




	development flow

	device driver

	device programming

	distributed RAM

	division circuit

	DRP (dynamic reconfiguration port)

	DSP (digital signal processing) slice

	duty cycle

	dynamic indexing

	EDA (electronic design automation)

	edge detector

	elf file

	embedded system

	FIFO buffer

	fixed-point arithmetic

	floating-point adder

	floating-point arithmetic

	flow control

	font ROM

	FPro bridge

	FPro bus

	FPro slot

	FPro system,

	sampler

	vanilla daisy

	vanilla




	frame buffer,,,

	core

	driver




	frame counter

	frame

	FSM (finite state machine)

	FSMD (finite state machine with datapath)
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	core

	driver
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	driver
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	hold time
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	 clock,

	controller
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	controller

	core

	driver




	palette
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	PDM (pulse density modulation)

	phase register
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	placement and routing
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	port declaration

	primitive

	priority encoder

	priority routing network

	procedural statement 

	case

	  full

	  parallel

	casex
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	if

	loop




	PS2

	controller

	core

	driver

	packet

	port

	receiving subsystem

	transmitting subsystem




	PWM (pulse-width modulation) 

	core

	design
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	RAM

	dual-port

	simple dual-port

	single-port




	refreshing rate

	register file

	register map

	register

	register-transfer methodology

	register-transfer operation
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	setup time

	seven-segment LED

	 display
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	shift register
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	SPI 

	clock
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	driver
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	standard
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	core
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	timing model
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	core
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	Verilog
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	video controller

	video driver
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	video subsystem
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	xdc file
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module adder_carry_hard_lit
¢
input logic [3:0] a, b,
output logic [3:0] sun,
output logic cout // carry—out
%

// signal declaration
logic [4:0] sun_oxt;

//body
assign sun_ext = {17b0, a} + {17b0, b};
assign sun_ext[3:0];

assign sun_ext [4];

e
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‘include "chu_io_map.svh"
module naio_sys_vanilla
#(
parameter N_SW = 8
parameter N_LED
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void gsemsor_check(SpiCore +spi_p, GpoCore +led_p) {
const uints_t RD_CHD = 0x0b;
const uints_t PART_ID_REC = 0x02;
const uints_t DATA_REG = 0x08;
const float raw.max = 127.0 / 2.0; //126 mar &bit reading for +/-
ints v zraw, yraw, zrav;
float x, y, 23
ine 1a;

Spi_p->set_treq (4000005
Spipo>set mods (0, 0);

7/ check pare id

Spipoassere. sz (0); // activate

Spi p->transtar (RD_CHD); 77 Jor read operation
Spilpo>transter (PARTID.REG); |/ part id address
10 = Gty spip->transier 0200);

Spi po>deassert. 55 (0):

uare.aisp ("resd ADILIGZ 32 (sBould be 0%2): °
e

uare . disp(\mrn) §

7/ read 6-bit z/y/s g values once

Spi po>assers_ss(0); 77 activate
Spi p->transtar (RD_CHD) s 77 for read operation
i Tpo>transtor (DATA_REG);

xraw = spi_p->transfer(0x00);
yraw = spi_p->tramsfer(0x00);
zrau = spi_p->tramsfer(0x00);

spi_p->deassert_ss(0);
x = (float) xraw / rav_max;

¥ = (float) yraw / rav_max;

2z = (float) zraw / rav_max;
uart.disp("x/y/z axis g values: ");
uart.disp(x, 3);

vart.disp(" / );

uart.disp(y, 3);
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module adder_carry_local_par
¢
input logic [3:0] a, b,
output logic [3:0] sun,
output logic cout // carry—out
%

// constant declaration
localparam 1 = 4,

N1 = m-1g
// signal declaration
logic [N:0] sun_ext;
//body

assign sun_ext = {17b0, a} + {17b0, b};
assign sun = sum_oxt [N1:0];
assign sun_ext [N];

R 0531
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module low_freq_counter
¢
input logic clk, reset,
input logic start, si,
output logic [3:0] bed3, bed2, bedi, bedo

// fsm state wpe
typedef enum {idle, couat, frq, b2b} state_type;

// signal declaration
State_type state_reg, state_next;

logic [3:0] pra;

logic [19:0] avsr, dvad, quo;

logic pra_start, div_start, b2b_start;

logic pra_done_tick, div_dome_vick, b2b_dome_tick;

/A RS RS LR R RS RS SRR EE R R KRR RS
7/ component instantiation
P
7/ instantiate period counter
period_counter prd_count_unit
C.clk(clk), .reset(reset), .start(prd_start), .si(si),
.1eady(), .done_tick(prd_dome_tick), .prd(prd));
J/ instantiate division circuit
@iv #(.W(20)) div_umit
(.clk(clk), .reset(reset), .start(div_start),
-dvsr(avsr), .dvad(dvad), .quo(quo), .rmd(),
‘ready(), .dome_tick(div_dome_tick));
// instantiate binary—to—BCD conmvertor
bin2bcd b2b_unit
(.clk(clk), .reset(reset), .start(b2b_start),
-bin(quo[12:0]), .ready(), .dome_tick(b2b_dons_tick),
“bca3(bed3), .bed2(bed2), .bedi(bedl), -bedo(bed0));
// signal widih estension
assign dvad = 20°d1000000;
assign dvsr = {10°b0, prd};
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input logic clk,

input logic reset,

// FPro bus

input logic mmio_cs,

input logic mmio_vr,

input logic mmio_rd,

input logic [20:0] mmio_addr,
input logic [31:0] mmio_vr_data,
output logic [31:0] mmio_rd_data,
// switches and LEDs

input logic [N_s¥-1:0] sv,
output logic [N_LED-1:0] led,

// uart

input logic x,

output logic tx

// signal declaration
logic [63:0] mem_rd_array;

logic [63:0] mem_wr_array;

logic [63:0] cs_array;

logic [4:0] reg_addr_array [63:0];
logic [31:0] rd_data_array [63:0];
logic [31:0] wr_data_array [63:0];

// body

7/ instantiate mmio controller
chu_mnio_controller ctrlunit
Celke1n),

Ireset(reser),

“mmio_cs (amio cs) ,

“mmio_ur (amio_vr) |

“mmio_rd (mmio_rd)

“mmio addr (amio_addr) ,
“mmio_vr_data(maio_vr data),
“mmio_rd_dava(mmio_rd_data) |

J/ slot interface
"Slov_cs_array(cs_array),
“slov_men_rd_array(mem_rd_array),
“slot_men_vr_array(mem_vr_array)
“slov_reg_addr_array(reg_addr_array) ,
“slov_rd_dava_array (rd_data_array)
“sTov vr_data_array (vr_data_array)
b7

// slot 0: system timer

chu_timer timer_slot0

(el (eln),

_reset(reset),

_cs(cs_array ['S0_SYS_TIMER]),
-read(men_rd_array [‘SO_SYS_TINER]),
_write(mem_vr_array[‘SO_SYS_TIMER]),
-addr (reg_addr_array[SO_SYS_TIMER])
.rd_data(rd_data_array[‘S0_SYS_TINER]),
wr_data(vr_data_array[‘SO_SYS_TIMER])
B

// slot 1: UART
chu_uart uart_sloti
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uart.disp(" /
varc.disp(z, 3);
vare.disp("\m\r);

3}
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localparam DATA_WIDTH = 8,
DATA_RANGE = 2+4DATA_VIDTH -
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module period_counter
«
input logic clk, resst,
input logic start, si,
output logic ready, dome_tick,
output logic [3:0] pra
3

// constant declaration
localparam CLK_MS_COUNT= 1000005 // 1 ms tick

// fsm_state type

“ypedet enum {idle, waite, count, done} state_type;

// signal declaration
State_type state.reg, state_next;

logic [16:0] t_reg, t_next; // up to 100000
logic [3:0] p_reg, p_mext; // up to I sec
logic delay.rag;

logic adg;

// body
7/ FSMD state & data registers
always_ff a(posedge clk, posedge reset)
if (reset)
begin
state_reg <= idle;
t_rag <= 0;
pireg <= 0}
dalay_reg <= 0
end
else
begin
state_reg <= state_next;
t_reg <= t_next;
poreg <= pomex:;





OEBPS/Images/image00707.jpeg
always_comb
begin
slot_cs_array
if (mmio_cs)
slot_cs_array[slot_addr] = 1;

end
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localparam UART_PORT = 4°b0001,
LCD_PORT 4750010,
MOUSE_PORT = 4’b0100;
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delay_reg
end

// rising—edge tick

assign odg = ~delay_reg & si;
// FSMD mezi-state logic
always_comb,

begin

state_next - state_reg;
ready = 17b0;
dome_tick = 17b0;

ponext = p_reg;
t next = t_reg;
case (state_reg)
1dle:
begin
Teady = 17b1;
if (start)
state_next = waite;
end
waite: // wait for the first edge
if (edm
begin
state_next = count;
t_mext
plnext
end
count:
if (edg) // 2nd edge arrived
state_next = dome;
else // otheruwise count
if (t_rog == CLK_S_COUNT-1) // 1 ms tick
bogin
T next
ponext
end
else
tomext = t_reg + 1;
done:
begin
done_tick = 17b1;
stata_next = ldle;
end
default: state_next = idle;
endease
end
//output

assign prd = p_reg;
il
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module adder_insta

¢
input
output
output
input
output
output

b

logic a4, ba,
logic sund,
logic

logic a8, b8,
logic sums,
logic

// instantiate s-bit adder
adder_carry_para #(.N(8)) uniti
C.aca®),  b(v8), .sun(sums),

// instantiate 4-bit adder
4dar_carry_para unitz
C.aad), .b(ba), .sun(suma),

endmodule

~cout(c8));

Lcout(ca));
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module [module_name]
#C
parameter [parameter_name]=[default_valuel,

[parancter_name]=[default_valuel;

// 1/0 port declaration






OEBPS/Images/image00590.jpeg
B e
7/ master FSM
P
always_ff @(posedgoe clk, posedge reset)
if (reset)
state_reg <= ldle;
else
state_reg <= state_next;

always_comb
bogin
state_next
prd_starc
aiv_start = 1700}
b2b_start = 1700}
caso (state_reg)
iale
if (stars)
begin
prd_start = 17b1;
state_next = count;
end
count:
if (prd_done_tick)
bogin
aiv_start = 17b1;
state next = frq;
end

state_reg;
1700;

(div_done_tick)
bogin
b2b_start = 17b1;
state_next = b2b;
end

b2b:
if (b2b_done_tick)
stata_next = idle;
default: state_next = idle;
endease.
ond
e
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C.elk(eln),
reset(reset),

cs(cs_array [‘S1_UART1D),
read(mem_rd_array [‘S1_UART11),
write(mem_wr_array[‘S1_UART1]),

addr (reg_addr_array[Si_UART1]),
rd_data(rd_data_array[‘S1_UART1]),
wr_data(vr_data_array[‘S1_UART1])
(o),

x(rx)

2

//assign rd_data_array[1] = 32’h00000000

J/ stot 2: gpo
chu_gpo #(.W(N_LED)) gpo_slot2
C.clk(eln),
reset (reset),
cs(cs_array [‘S2_LED]) ,
read(mem_rd_array [ ‘52 LED]),
write(men_wr_array[‘s2_LED]),
addr (reg_addr_array[S2_LED]},
rd_data(rd_data_array[‘52_LED]),
wr_data(vr_data_array[‘S2_LED]),
dout (led)
33

J/ slot 3: gpi
chu_gpi #(.W(N_SW)) gpi_slot3
C.elk(eln),
reset(reset),
cs(cs_array [‘S3_8WD),
read(mem_rd_array [‘S3_sW1),
write(men_vr_array[‘s3_svl),
addr (reg_addr_array[*S3_sk]),
rd_data(rd_data_array[‘S3_sW]),
wr_data(vr_data_array[‘S3.sW]);
ain(sw)
%

// assign 0’s to all unused slot rd_data signals

gonerate
gonvar i;
for (i=4; 1<64; i=i+1) bogin: unused_slot_gen
assign rd_data_array[i] = 32’hffffffif;
end
ondgenerate

P





OEBPS/Images/image00470.jpeg
module adder_carry_para

input logic N-1:0] a, b,

output logic [N-

0] sun,

output logic cout // carry—out

%

// constant declaration
localparam 1 = n-1;

// signal declaration
logic [n:0] sun_ext;

J/body
assign
assign
assign

endmodule

sum_ext = {1700, a} + {1'b0, b};
sun = sun_ext[Ni:ol;
cout= sun_extN];
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entity adx1362_wrapper is
pore (

b

clk, reset: in std_logic;
- 3-axis acceleration reading

out std_logic_vector (7 downto
out std_logic_vector (7 downto
z_acc: out std_logic_vector (7 downto
= SPI interface commected to ADXL362
ss_n: out std_logic;

sclk: out std_logic;

miso: in std_logic;

mosi: out std_logic

y-ac

T

0);
0);
0);
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module chu_mcs_bridge
#(parametor BRC_BASE=32’hc000_0000)  // default base address
«
// uBlaze MCS 1/0 bus
input logic io_addr_strobe, // not used
input logic io_read_strobe,
input logic 1o_write_strobs,
input logic [3:0] io_byte_enable,
input logic [31:0] io_address,
input logic [31:0] io_write_data,
output logic [31:0] io_read_data,
output logic io_ready,
// FPro bus
output logic fp_video_cs,
output logic fp_mmio_cs,
output logic fper,
output logic fp_rd,
output logic [20:0]fp_addr,
output logic [31:0] fp_vr_data ,
input logic [31:0] fp_rd_data
&

// signals declaration
logic mcs_bridge_en;
logic [2970] word_addr;

// body
7/ address translation and decoding
77 “2'L8Bs are 007 due to word alignment
assign word_sddr - 1o_address (3121
assign mcs_bridgeen - (1o address [31:24] — BRC_BASE[31:241);
assign fp_video_cs - (mce bridge_en &k io_address (23] - 0);
assign <pmmie_cs - (Rce_bridge.en &k io address (23] — 00
assign fp_addr - vord_adar[20:01;
7/ control line conversion
assign fp_ur - io_srite_strove;
assign Tprd - io_read_serobes
assign 1oresdy - 1; // mot used ; transaction dome in 1 clock
// data line conversion
Gssign fpwr_dsta - io_urite_data;
assign 1o read dsta - fp_rd_dsta;

it
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generate
genvar [index_variables];
for ([initial_assigament]; [expression]; [step_assignment])
begin [: optional_labell
[concurrent_constructs];
[concurrent_constructs];

end
Py e
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module mcs_top_vanilla

#(parameter BRC_BASE = 32'hc000_0000)

«
input logic clk,
input logic resst_n,
// switches and LEDs
input logic [15:0] sw,
output logic [15:0] 1ad,
// uart
input logic rx,
output logic tx

E

// declaration
logic clk_to0m;

logic resat_sys;

// MCS 10 bus

logic 10_adar_strobe;
logic 10 read_strobe;
logic io_srite_strobs;
logic [3:0] io_byte_enable;
logic [31:0] io_address;
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write transaction

read transaction
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s slave addr

rla databyte 1 a data byte 2

from masterto
slave

s: start condition

a: acknowledge (0)

from slave to
master

p: stop condition w:write (0)  r:read (1)

not acknowledge (1)  rs: restart (not shown in diagram )
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for ([initial_assignment];
begin [: optional_labell
[procedural statementl;
[procedural statementl;

end

[expression];

[step_assignment])
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logic [31:0] io_srite_data;
logic [31:0] 1o read_data;
logic 1o_resdy;

7/ foro bus

logic tp_nmio_cs;

logic p ers

logic p_ra;

logic [20:0] fp_adar;
logic [31:0] fpvr_data;
logic [31:0] fp_ra_data;

// body
assign clk_toon
assign resst_sys

clx; // 100 M1
Iresetn;

external clock

//instantiate uBlaze MCS
cpu cpu_unit ¢

~ClE(c1k_100M)

“Reset (raset_sys),
-10_addr_strobs (io_addr_strobe) ,
.10 address (10_address)

.10 byte_cnable(io_byte_snable),
.10 read data(io_read_data),

.10 read_strobe (io_read_strobe) ,
.10 ready (io_ready),

.10 urite_data(io_write_data),
10 write_strobs (io_vrite_strobe)
bl

// instantiate bridge
chu_mcs_bridge #(.BRC_BASE(BRC_BASE)) bridge_unit (.=, .fp_video_cs());

// instantiated i/o subsystem
mmio_sys_vanilla #(.N_SW(16),.N_LED(16)) mmio_unit (
clk(elr),
reset (reset_sys),
mmio_cs (fp_mmio_cs),
mmio wr (fp_vr),
mmio_rd(fp_rd),
mmio addr (fp_addr),
mmio_vr_data(tp_vr_data),
mmio_rd_data(fp_rd_data),
su(s®),
Led(led),
(ro),
o (ex)
oH
i
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always @(a, b)  // both a and b are in sensitivity list
y-ak
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S Gl e
#(parameter W = 8 // width of output port
¢
input logic cik,
input logic reset,

// slot interface

input logic cs,

input logic read,

input logic write,

input logic [4:0] addr,
input logic [31:0] wr_data,
output logic [31:0] rd_data,
// erternal signal

Output logic [¥-1:0] dout

%)

// signal declaration
logic [W-1:0] buf_reg;
logic wr_en;

7/ body
77/ output buffer register
always_ff o(posedgo clk, posedge reset)
if (reset)
but_reg
else
if (ur_em)
but_reg
// decoding logic
assign vr_en = cs &8 urite;
/7 stot read interface
hssign rd_data = 0
// external output
hssign dout - buf_reg;
ey

o

wr_data[W-1:01;
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output logic sclk,
input logic miso,
output logic mosi
%

// fom state tupe

typedet enum {idle, cpha_delay, po, pi} state_type;

// declaration
State_type state_reg, state_mext;

logic p_clk;

logic [15:0] c_reg, c_next;

logic spi_clk_reg, ready.i, spi_dons_tick.i;
logic spi_clk next;

logic [2:0] n_reg, n_next;

logic [7:0] si_reg, si_mext;

logic [7:0] so_reg, so_mext;

// body
7/ fomd for transmitting one byte
7/ register
“lways_ff a(posedgo clk, posedgo reset)
if (reset) bogin
state_veg < idls;

si_reg <= 0;
so_reg <= 0;
n_Teg <
clreg <
spi_clk_reg <= 0;

end

else begin
state_reg <= state_mext;

si_reg <= si_mext;
so_reg <= so_mext;
n_Teg <= m_next;

clreg <=c_next;
spi_clk_reg <= spi_clk_mext;
end
// mezt—state logic
always_comb,
begin
state_next = state_teg; // default state: the
ready.i = 0;
spi_done_tick 1 = 0;
simext - si_Teg;
so_next = so_reg;
n_Bext = n_rag;
c_mext = c_reg;
case (state_reg)
1dle: bogin
ready i = 1;
if (start) bogin
so_next = din;
n_dext = 0;
c_next = 0;
if (cpra)
state_next = cpha_delay;
else
state_next

p0;
end
end
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module div
#(parametor ¥ = 8)
¢
input logic clk, reset,
input logic start,
input logic [W-1:0] dvsr, dvad,
output logic ready, dome_tick,
output logic [¥-1:0] quo, rmd
¥

// fsm_state type
“ypedet enum {idle, op, last, done} state_type;

// mumber of bits in counter
focalparam CBIT = Sclog? (W+1);





OEBPS/Images/image00699.jpeg
mnd\lle bitne- i

oter ¥ =

8 // width of input port

logic write,
logle [a:0) adar,
r_data,
it Togie [3410) raleaca.
{/ eovernal signal
ut logic [W-1:0]

”

// signal declaration
logic [¥-1:0] rd_data_reg;
// body

always_ff a(posedge clk, posedge
£ (reset)

reset)
rd_data_reg

o

assign rd_datal¥-1:0]
assign rd_data[31:v]
endmodule

= rd_data_reg;
o.
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cpha_delay: begin
if (c_rog
state_next = po;
c_mext = 0;
end
end
0: begin
if (c_reg==dvsr) bogin // sclk 0-to—1
state_next = pi;
sinext = {si_reg[6:0], miso};
c_mext = 0;

end
else
c_mext = c_reg + 1;
end
pi: begin
if (c_reg==dvsr) // selk 1-to—0
if (n_reg==7) bogin

spi_done_tick i = 1;
state_next = idle;

end

else begin
so_next = {so_reg[6:0], 17b0};
state_next = po;

n_nexi = n_reg + 1;
clnext = 0;
end
else
c_mext = c_reg + 1;
end
endease

end
assign ready = readyi;
assign spi_dons_tick = spi_dome_tick_i;

// lookahead output decoding

assign p_clk = (state_next==pi & ~cpha) || (state_mext
assign spi_clk_next = (cpol) 7 ~p_clk : p_clk;

// output

assign dout = si_reg;

assign mosi = so_reg[7];

assign sclk = spi_clk_reg;
w1

& cpha);
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logic [1:0]

case (ssl)
27500
27b1
default:

endcase

i // 27b01, 2°b11
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else begin
tinext = tiTeg + tO_Teg;
o next = tireg;
n_mext = n_reg - 1;
ond
end
done: begin
done_tick = 17b1;
state_next = ldle;
end
default: state_next = idle;
endease
end
// output
assign £ = ti_reg;
endmodule
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module spi
input
input
input
input
output
output

«
logic
logic
logic
logic
logic
logic

clk, reset,
[7:01 ain,

[15:0] dvsr, // 0.5+(# clk in SCK period)
start, cpol, cpha,

[7:01 dout,

spi_done_tick, ready,
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1760;  // default value for gt
- 1°b0; // default value for cq
(a > b)
gt = 17b1
else if (a
cq = 17b1;

)

ani





OEBPS/Images/image00581.jpeg
Special BCD shift register

Operation Binary
BCD BCD input
digit2 | digit1
Tnitial
1111111
Bit6 | noadjustment
shift left 1 bit 1111111
(Lio)
Bit5 | noadjustment
shift left 1 bit 1111111
(i)
Bit4 no adjustment 1
shift left 1 bit (1 |un
Bit3 BCD digit 0 adjustment 1010
shift left 1 bit 1 o101 | 111
(L) (510)
Bit2 BCD digit 0 adjustment 1 1000
shift left 1 bit 1 0001 | 11
(3w (1)
Bitl | noadjustment
shift left 1 bit 110 oo11 | 1
(61) (1)
Bit0 BCD digit 1 adjustment 1001 o011
shift left 1 bit * 0010 o111
(Lig) (210) (T20)
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always_comb

if (a>b) // eq mot assigned in this branch
g = 17b1;
else if (a == b) // gt not assigned in this branch

eq = 17b1
// Final else branch is omitted
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// signal declaration
State_type state_reg, state_next;

logic [4-1:0] rh_reg, rh_next, rl_reg, rl_mext, rh_tm
logic [¥-1:0] d_reg, d_mext;

logic [CBIT-1:0] n_reg, n_mext;

logic g_bit;

// body
// FSMD state & data registers
always_ff @(posedge clk, posedge resst)
if (reset)
begin
state_reg
Th_reg <= 0;
rlreg :
a_Teg
n_reg
end
else
begin
state_reg
Th_reg
T1lreg
da_teg
n_reg
end

state_next;
rh_next;
r1lnext;
d_next;

nlnext;

// FSMD nezt-state logic
always_comb
begin
state_next = state_reg;
ready = 100
done_tick = 17b0;
Th_next = rh_reg;
rllnext = rl_reg;
a_fext = d_rag;
n_next = n_reg;
caso (state_reg)
ia1e
bogin
ready = 1°b1;
if (start)
begin
Th_next
r1lnext
d_next
nlnext
state_next = op;
end

J/ dividend
7/ divisor
7/ indez

end
op:
begin
// shift th and rl left
Tlnext = {rl_reg[¥-2:01, q_bit};
rhonext = {rh_tmp[¥-2:0], rl_regl¥-11};
// decrease inder
D_next = n_reg - 1;
if (n_nexta=1)
state_mext = last;

end
last: // last iteration
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assign p_clk = (state_mex
(state_mexc

1 k& “cpha) I
PO kE cpha);
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always_comb
if > b
begin
I
eq =
end
else if (a
begin
gt
eq =
end
else [/ i.e., a<b
begin
gt = 17505
eq = 17b0;
end
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begin

rlnext = {rl_reg[¥-2:0], qbit};
Th next = rh_tmp;
state_next = done;
end
done:
begin
done_tick = 17b1;
state_next = ldle;
end
default: state_next = idle;
endease.

end

// compare and subtract circuit
always_comb
if (rh_reg
bogin
Th_tap = rh_reg - d_reg;
q.bit = 1'b1;
end
else
begin
Th_tap = rh_reg;
q.bit = 1°b0;

a_reg)

end
//output

assign quo = rl_reg;
assign rnd = rh_reg;

sl
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assign spi_clk_next = (cpol) ? "p_clk : p_clk;
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// signal declaration
logic [47:0] count_reg;
logie ctrlseg;

logic wr_en,

J/rerrans
7/ counter

J/rensnns
s I Slniadies et sl Sese)
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module chu_spi_core

#(paramotor S = 2) // width (# bits) of output port

¢
input logic cik,

input logic reset,

// slot interface

input  logic cs,

input logic read,

input logic write,

input logic [4:01 addr,
input logic [31:0] wr_data,
output logic [31:0] rd_data,
// external signal

output logic spi_sclk,

output logic spi_mosi

input logic spi_miso,
output logic [5-1:0] spi_ss_n
2%

// signal declaration
logic wr_en, vr_ss, wr_spi, wr_ctrl;

logic [17:0] curl_reg;
logic [$-1:0] ss_n_reg;
logic [7:0] spi_out;

logic spi_ready, cpol, cpha;
logic [15:0] dvsr;

// instantiate spi controller
5pi spi_unic(
clk(clk), .reset(reset),
din(vr_datal7:0D),
avsr(avsr),
start (vr_spi),
cpol(cpol),
cpha(cpha)
dout (spi_out),
sclk(spi_sclk),
miso(spi_miso),
mosi(spi_mosi),
spi_done_tick(,
ready (spi_ready)
b

// registers
always_ff @(posedgo clk, posedge resst)
if (reset) begin
ctrl_reg <= 177h0_0200; // dvsr=1028 (to
ss_n_reg <= {8{1°b1}}; // de-assert all
end
else begin
if (ur_ctrl)
ctrl_reg <= wr_datali7:0];
if (ur_ss)
ss_n_Teg <= vr_datals-

1013
end

// decoding

assign wr_en = cs & write ;

assign wr_ss = wr_en && addr[1:0]=:
assign wr_spi = wr_en & addr[1:0]
assign ¥r_ctrl = wr_en £& addr[1

270013
"b10;
bit;

get 50KH:z sclk)
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#include "spi_core.h”
SpiCore::SpiCore(uint32_t core_base_addr) {
base_addr = core_base_addr;
// set default spi configuration to be 400K Hz, mode 0
Set_freq(100000);
set_mode(0, 0);

rite_ss_n(OXfIffffee); de-assert all ss.n signals

3
SpiCora

“spiCore() {1

inv SpiCore:iready() {
wint32_t rd_word;
int rdy;

rd_uord = io_read(base_addr, RD_DATA_REG);
rdy = (int) (rd_word & READY_FIELD) >> 8;
return (rdy);

3

void SpiCore::sst_freq(int freq) {
wint32_t cerl_vord;

dvsr = (uinti6_t) (SYS_CLK_FREQ » 1000000 / (2 + freq));
avsr = dvsr - 1; // counts 0 to dusr—1

ctrl_vord = cpha << 17 | cpha << 16 | dvsr;
io_urite(base_addr, CTRL_REC, ctrl_word);

3

void SpiCore::sst_mode(int icpol, int icpha) {
wint32_t ctrl_vord;

cpol = icpol;
cpha = icpha;

ctrl_word = cpha << 17 | cpha << 16 | dvsr;
io_urite(base_addr, CTRL_REC, ctrl_word);

3

void SpiCore::write_ss_n(uint32_t data) {
ss_n_data = data}
io_urite(base_addr, SS_REC, ss_n_data);

1

void SpiCore::write_ss_n(int bit_value, imt bit_pos) {
bit_write(ss_n_data, bit_pos, bit_value);
io_urite(base_addr, SS_REC, ss_n_data);
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y = 1°b0;  // can also use y = 1'bs for don’

case (s)
27500
2'b10:
2'b11:

endease
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output
output
output
output
input

output

logic
logic
logic
logic
logic
logic

[63:0] slot_cs_array,
[63:0] slot_mem_rd_array,

[63:0] slot_mem_vr_array,

[4:0] slot_reg_addr_array [63:0],
[31:0] slot_rd_data_array [63:01,
[31:0] slot_vr_data_array [63:0]

// declaration
logic [5:0] slot_addr;
logic [4:0] reg_addr;

// body

assign slot_addr
assign reg_addr

mnio_addr [10:51;
mmio_addr [4:01;

// address decoding
always_comb,

begin

slot_cs_array = 0;
if (amio_cs)

slot_cs_array[slot_addr]

end

// broadeast to all slots

gonerat

gonvar 1;
for (1=0; 1<64; i=is1)

bogi

assign
assign
assign
assign

end

endgenerate
// mw for read data
assign nmio_rd_data = slot_rd_dava_arraylslot_addrl;

ettt

slot_signal_gen

slot_mem_rd_array[i] = mmio_rd;
slot_mem_wr_array[i] = mmio_vr;
slot_wr_data_array[i] = mmio_vr_data;
slot_reg_addr_array[i] = reg_addr;
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void SpiCore::assert_ss(int m) {
write_ss 200, n);

i

void SpiCore::deassert_ss(int n) {
writessadl, m;

3

uints_t SpiCors::tramsfer(uints_t wr_data) {
uints2_t rd_data;

w¥hile (1ready() {};

io_urite(base_addr, WRITE_DATA_REC, (uint32.t ) wr_data);
while (1ready() {};

rd_data = io_read(base_addr, RD_DATA_REG) & RX_DATA_FIELD;
return ((uints_t) rd_data);
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module bin2bcd
«
input logic clk, resst,
input logic start,
input logic [12:0] bin,
output logic ready, dome_tick,
output logic [3:0] bed3, bed2, bedi, bedo
i

// fom state tupe
“ypedst emm {idle, op, dome} scate_type;

// signal declaration
State_type state.reg, state_mex:;
logic [12:0] p2s_reg, p2s_mext;
logic [3:0] n_reg, n mext;

logic [3:0] bcd3_reg, bcd2_reg, bedi_reg, bedo_reg;
logic [3:0] bcd3_next, bcd2_mext, bedl_next, bedo_next;
logic [3:0] bcd3_tmp, bcd2_tmp, bedi_tmp, bedo_tmp

// body
7/ FSMD state & data registers

always_ff a(posedge clk, posedge reset)
if (reset)

begin
state_reg <= idle;
p2s_rag <= 0;
n_rag <= 0;
bod3_reg <= 0;
bed2_reg <= 0}
bedireg <= 0}
bcdo_reg <= 0}
end
else
begin
state_reg <= state_next;
p2s_rag <= p2s_nexi;
n_rag <= n_nexi;
bcd3_reg <= bcd3_mext;
bcd2_reg <= bcd2 mext;

bedi_reg <= bedimext;
bcdo_reg <= bedO_mext;
end

// FSMD nezi-state logic
always_comb,
begin
state_next = state_reg;
Teady = 17b0;
dome_tick = 17b0;

Pp2s_fext = p2s_reg;
bedo_next = bedo_reg;
bedi next = bedireg;
bed2_next = bed2_reg:
bed3_next = bed3_reg;

n_next = n_teg;
case (stave_reg)
1dle:
begin
ready = 17bt;
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// control signals

assign avsr = ctrl_reg[15:0];

assign cpol = ctrl_reg[16];

assign cpha = ctrl_reg[17];

assign spi_ss_n = ss_n_reg;

// read multiplezing

assign rd_data = {237b0, spi_ready, spi_out};
sclipinc e
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if (start)

begin
state_next = op;
bcd3_mext = 0;
bea2 next
bdinext
bcdo_next
n_mext = 4’b1101; // inder
p2s_mext = bin;  // shift register
state_next = op;
end
end
op:
bogin
// shift in binary bit
P2s_next = p2s_reg << 1;
// shift 4 BOD digits
//(bcdsnezt, bed2mezt, bediomezt, bed0_mert}=
J/(bcds_imp[2:0], bed2_tmp, bedi_tmp, bedo_tmp
7/ pes_reg(i2]y
bcd0_next {bcd0_tmp[2:0], p2s_regl12]};
bcdi_next {bcd1_tmp[2:0], becdo_tmp[31};
bcd2_next {bcd2_tmp[2:0], becdi_tmp[3]1};
bcd3_next {bcd3_tmp[2:0], bed2_tmp[31};
n_next = n_reg - 1;
if (a_nexto=0)
STate_mext = done;
end
done
bogin
done_tick = 17b1;
state_mext = idle;
end
dofault: state_next = idle;
endeaso

end

// data_path function units

assign bcd0_tmp = (bcd0_reg > 4) 7 bcd0_reg+3 : bed0_Teg;
assign bcdi tmp = (bcdiireg > 4) 7 bedilreg+3 : bedlreg;
assign bcd2_tmp = (bcd2_reg > 4) 7 bcd2_reg+3 : bed2_reg;
assign bcd3_tmp = (bcd3_reg > 4) 7 bcd3_reg+3 : bed3_reg;

// output
assign bcdo = bedo_reg;

assign bedi = bedi_reg;
assign bcd2 = bed2_reg;
assign bcd3 = bed3_reg;

L ey o
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‘define CHU_I0_MAP_INCLUDED

// sustem clock rate in MHz; used for timer,

‘define SYS_CLK_FREQ 100
{{io base address for microBiaze MCS
‘define BRIDCE_BASE 0xc0000000

slot mo definition
) rormat s:.arm.m.acrypc Name
‘define S0_SYS_TI
‘define 31 oty
tdofine

Fine so5i
o

art,

ddfs et
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#ifndef _SPI_CORE_H_INCLUDED
#define _SPI_CORE_H_INCLUDED

#include "chu_init.h*

class spicore {

public:
enun {
RD_DATA_REG = 0,
SSTREC - 1,

VRITE_DATA REG

CTRL_REG = 3 };
enun {

READY_FIELD = 0200000100,

RX_DATA_FIELD = 0x000000ff };
SpiCoTe(uint32_t core_base_addr);
“SpiCore; // mot used
int ready();
void set_freq(int freq);
void set_mode(int icpol, int icpha);
void write_ss_n(uint32_t data);
void write ss_n(int bii_value, int bit_pos);
void assert_ss(imt m);
void deassert_ss(int m);
wints_t transfer(uint8_i wr_data);

private
uint32_t base_addr;
uint32_t ss_n_data;
uinti6_t dvar;
int cpol;
int cpha;

a5

#endif // _SPLCORE_H_INCLUDED
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sort  align add/sub normalize
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S0.82E4  -0.82E4

.G4E3  -0.55E3 -0.5BE3  -0.GGE3  -0.5GE3
.GGE3  +0.54E3 +0.54F3  +0.64E3  +0.B4E3
“0.01E3  -0.10E2

+0.54E0 -0.6GE0 -0.55E0 =-0.55E0  -0.5GEO
0.55E0 +0.54E0 +0.54E0  +0.54E0  +0.B4EQ
“0.01E0  -0.00ED
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#ifndef _UART_CORE_H_INCLUDED
#define _UART_CORE_H_INCLUDED

#include "chu_io_rw.h"
#include "chu_io_map.h®
class UartCore {
/+ register map =/
enun {
RD_DATA_REC = 0,
DVSR_REC = 1,
WR_DATA_REC = 2,
RM_RD_DATA_REG = 3 // remove read

55

/+ masks =/

enum {
TX_FULL_FIELD = 0x00000200,
RX_EMPT_FIELD = 0x00000100
RX_DATA_FIELD = 0x000000f%
b

public:

/+ methods +/
UartCors (uint32_t cors_base_addr);
“Vartcore O;

// basic 1/0 access

void set_baud_rate(int baud);
int rx_fifo_empty();

int tx_fifo_fullO;

void tx_byte(uint8v byte);

int rx_byteO;

// display methods

void disp(char ch);

void disp(const char +str);
void disp(int n, int base, imt len);
void disp(int m, int base);
void disp(int n);

void disp(double f, int digiv);
void disp(double 1);

privar
uint32_t base_addr;
int baud_rate;
void disp_sir(comst char sstr);

#ondif // _UART.COREHLINCLUDED

data
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module fp_adder
¢
input logic signt, sign2,
input  logic 1 expt, oxp2,
input logic [7:0] fraci, fracz,
output logic sign_out,
output logic [3:0] exp_out,
output logic [7:0] frac_out

b

// signal declaration
/ suifiz b, s, a, n for

big, small, aligned, mormalized number
logic signb, signs;

logic [3:01 expb, exps, expn, exp_diff;

logic [7:0] trach, fracs, fraca, fraca, suanorm;
logic [8:0] sun;

logic [2:0] leado;

// body
always_comb,
begin
// 1st stage: sort to find the larger number
if (lexpt, fraci} > {exp2, frac2}h)
begin
signb = sigai;
signs = sign2;
expb = expi;
exps = exp2;
frach = fraci;
fracs = frac2;

end
alse
begin
signb = sign2;
signs = signl;

expb = exp2;
exps = expl;
frach = frac2;
fracs = fraci;
end

// #nd stage: align smaller number
xp_diff = axpb - exps;
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module fifo_ctrl
#(
parameter ADDR_WIDTI
)
¢
input logic clk, resst,
input logic rd, wr,
output logic empty, full,
output logic [ADDR_WIDTH-1:0] w_addr,
output logic [ADDR_WIDTH-1:0] r_addr
%

// number of address bits

//signal_declaration

logic [ADDR_WIDTH-1:0] w_ptr_logic, W_pTr_mext, w_ptr_succ;
logic [ADDR_WIDTH-1:0] r_ptr_logic, r_ptr_mext, r_ptr_succ;

logic full_logic, empty_logic, full next, empty_next;

// body
// fifo control logic
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«
input logic [2:0] bea,
input logic [7:0] sw,
output logic [7:0] led

// instantiate shifter

barrel_shifter_stage shift_unit

Calsw), -amt(ben), .y(led));
endmedole
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i oot d
#(parameter FIFO_DEPTH_BIT = 8) // # addr bits of FIFO
¢
input logic cik,
input logic reset,

// slot interface

input logic cs,

input logic read,

input logic write,

input logic [4:0] addr,

input logic [31:0] wr_data,

output logic [31:0] rd_data,

output logic

input logic
%

// signal declaration
logic wr_vart, rd_vart, wr_dvsr ;
logic tx_full, rx_empty;

logic [10:0] avsr_reg;

logic [7:0] r_data;

logic ctrl_reg;
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assign into = (data_phase && cmd_reg==RD_CMD && bit_reg<8) ||
(data_phase && cmd_reg==WR_CMD && bit_reg==8);
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// body

7/ instantiate uart

uart #(.DBIT(s), .SB_TICK(16), .FIFO_W(FIFO_DEPTH_BIT)) uart_umit
(%, .avsr(dvsr_reg), .v_data(vr_datal7:0]) );

// dvsr register
always_ff a(posedge clk, posedge reset)
if (reset)
dvsr_reg <= 0;
else
if (r_dvsr)
dvsT_reg <= wr_data[10:01;
// decoding logic
assign wr_dvsr = (vrite &k cs &&
assign wr_uart = (srite &k cs & (addr[1:0]==
assign rd_vart = (srite && cs &g
// slot read interface
assign rd_data = {22’h000000, tx_full, rx_empty, r_data};
G
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module chu_i2c_core
¢
input logic clk,
input logic reset,
// slot interface
input logic cs,
input logic read,
input logic write,
input logic [4:0] addr,
input logic [31:0] wr_data,
output logic [31:0] rd_data,
// external signal
output tri scl,
inout tri sda
);

// signal declaration
logic [15:0] dvsr_re
logic 2¢c, wr_dvsr;
logic [7:0] dout;
logic ready, ack;

// instantiate spi controller
i2c_master i2c_umit

«

.din(wr_data[7:0]), .cmd(wr_data[10:81),

// registers

dvsr(dvsr_reg), .dome_tick(), .*

always_ff @(posedge clk, posedge reset)

if (reset)
dvsr_reg <= 0;
else
if (ur_dvsr)

dvsr_reg <= wr_datal15:0];

// decoding

assign wr_dvsr = cs & write & ~addr [0
cs & write & addr([0];

assign wr_i2c

J/ read data

assign rd_data
Eidmadals

{22°b0, ack,

ready,

dout};
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fraca = fracs >> exp_diff;

// 3rd stage: add/substract
if (signb==signs)

sum = {17b0, fracb} + {1’b0, fraca};

sum = {17b0, fracb} - {1’bo, fraca};

// 4th stage: normalize
/ count leading 0s
if (sunl7])
1eado = 3%00;
else if (sunle])
leado = 3701
else if (sumls])
leado = 3702
else if (suml4])
1eado = 3703
else if (suml3])
1eado = 3704}
else if (suml2])
1eado = 3705
else if (suml1])
1eado = 3708}
else
leado = 3707

// shift significand according to leading

Sun_norm = sun << laado;
// mormalize with special conditions
it (sunls]) // with carry out: shaft
begin
axpn = axpb + 1
fracn = sun(s:1];
end

to right

else if (lead0 > sxpb) // too small to mormalize

begin
axpn = 0
fracn = 0;

end

else

begin
axpn = sxpb - leado;
fracn = sun_norn;
end

J/ set to 0

// form output
Sign_out = sigab;
exp_out = expn;
frac_out = fraca;

end

e W
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module fifo

2

paramoter DATA_WIDTH=8, // number of bits in a word
ADDR_WIDTH=4  // number of address bits

)

¢

input logic clk, resst,
input logic rd, wr,

input logic [DATA_VIDTH-1:0] w_data,
output logic empty, full,

output logic [DATAWIDTH 1:0] r_data
%

//signal_declaration
logic [ADDR_WIDTH-1:0] w_addr, r_addr;
logic wr_en, full_tmp;

7/ body
7/ write enabled only when FIFO is not full
assign wr_en = wr & -full_tmp;

assign full = full_tap;

// instantiate fifo control unit
Tifo_ctrl #(.ADDR_VIDTH(ADDR_WIDTH)) c_umit
e, -fullCfull_tap));

// instantiate register file

Tog_tile
#(.DATA_WIDTH (DATA_WIDTH) , .ADDR_WIDTH(ADDR_WIDTH)) f_umit (.#);
endmodule
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void UartCore::disp_str(comst char +str) {
while ((uint8_t) esvr) {
TE_byte (xstr);
stree;

3

void UartCore::disp(char ch) {
tx_byte(ch);

3

void VartCore::disp(const char »str) {
disp_str(str);

3

void UartCore::disp(int n, imt base, int lem) {
char buf [33]; 7/ 32 bit #
char sstr, ch, sign;
int rem, i;
unsigned int un;

/v error check +/

if (base 1= 2 22 base 1= 5 &2 base 1= 16)
base = 10;

if (len > 32) // error check
lon = 32;

/¢ handle neg decimal # +/

if (base == 10 22 n < 0) 1
un - (unsigned) -n;
sign = '-

3 elsa (
un = (unsigned) n; // interpreted as unsigned for her/bin comversion
sign = 0 s

b
/ convert # to string +/
Str = zbuf[33];

sstr = \07;
@ {

str

ren = un % base;

wn = un / base;
if (rem < 10)
h = (char) rem + 07

else
b = (char) rem - 10 + ’a’;
stz = cn;

} while (um);
/+ attach — sign for neg decimal # =/
it (sign == -0 {

str-—;
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module sync_dual_port_ram

#C

‘parameter DATA_WIDTH = 8, // number of bits
ADDRIWIDTH = 10 ' // number of address

)

¢

input logic clk,
input logic we_a, we_b,

input logic [ADDR_WIDTH-1:0] addr_a, addr.b,
input logic [DATA_WIDTH-1:0] din_a, din_b,
output logic [DATA_WIDTH-1:0] dout_a, dout b
%

// signal_declaration
logic [DATA_WIDTH-:
logic [DATA_WIDTH-

] ran [0:2++ADDR_VIDTH-1];
] data_a_reg, data_b_reg;

// body
7/ wort a
always_ff (posedge clk)

begin
// write_operation
if (we_a)
ranfaddr_al <= din_a;
// read operation
data_a_reg <= ram[addr_al;
end

// port b
always_ff a(posedge clk)
begin

// write_operation

if (wem)

ran[addr_b]

// read operation

data_b_reg <= ramladdr_bl;
end

ainb;

// output
assign dout_a

assign dout b
endmodule

data_a_reg;
data b_reg;

bits
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3
/+ pad with blank +/
hile (1 < lem) {
str
estr

%
disp_str(str);

3

void UartCore::disp(int n, inmt base) {
daisp(n, bass, 0);

}void UartCore::disp(imt m) {
aisp@a, 10, 0);
3

void UartCore::disp(double f, imt digit) {
doudle fa, frac;
int m, 1, i_part;

// obtain absolute value of f
fa-1;
it (< 0.0) {
fa = -f;
disp_str(-n);
:
7/ display integer portion
ilpart = (int) fa;
disp(i_part);
disp_str(*.");
// display fraction part
frac = fa - (double) i_part;
for (@ n < digit; nes)
frac = frac » 10.0;
1= amo) frac;
aisp(i);
frac = frac - 1;

3

void UartCore::disp(double 1) {
aisp(f, 3);
¥
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UartCore::UartCore(uint32_t core_base_addr) {
base_addr = core_base_addr;
set_baud_rate (3600); //default baud rate
3

void UartCore::set_baud_rate(int baud) {
uint32_t dvsr;

avsr = SYS_CLK_FREQ+1000000 / 16 / baud - 1;
io_urite(base_addr, DVSR_REC, dvsr);
3

int UartCore::rx_fifo_empty() {
uints2_t rd_vord;
int empty;

rd_vord = io_read(base_addr, RD_DATA_REG);
empty = (imt) (rd_word & RX_EMPT_FIELD) >> §;
return (empty);

¥

int UartCore::tx_fifo_fullQ) {
uint32_t rd_vord;
int full;

rd_vord = io_read(base_addr, RD_DATA_REG);
full = (int) (rd_word & TX_FULL_FIELD) >> 9;
return (full);

3

void UartCore::tx_byte(uinté_t byte) {
while (vx_fifo_fullQ) {1; // busy waiting
So_urits(base.addr, VR_DATA.REC, (uintd2.t )byre);
}

int UartCore::rx_byte() {
uints2_t data}

if (rx_fifo_empty ()
return (-1);

else {
data = 1o_read(base_addr, RD_DATA_REC) & RX_DATA_FIELD;
io_urite(base_addr, RM_RD_DATA_REC, 0); //dummy write
return ((ime) data);
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// registers for status and read and write pointers
always_ff @(posedge clk, posedge resst)
if (reset)
begin
w_ptr_logic
rlptr_logic

full_logic
empty_logic
end
else
begin
w_ptr_logic <= w_ptr_next;
T_ptr_logic <= r_ptr_next;
a1l Togic <= full mext;
empty_logic <= empry_mext;
end

// mezi=state logic for read and write pointers
always_comb

bogin
// successive pointer values
¥_ptr_suce = w_ptr_logic + 1;
rptr_succ = r_ptr_logic + 1}
/7 default: keep old values
Wptrimext = w_ptr_logic;
r_ptr_next = r_ptr_logic;
full_next = fuil_logic;
empty_next = empiy_logic;
unique case ({wr, rah)

2'001: // read
if (ompty_logic) // mot empty
begin

T_ptr_next = r_ptr_succ;
a1l next = 1780;

if (r_ptr_succ==v_ptr_logic)
empry_mext = 17b1;

end
200105 // write
if Cfull_logic) // mot full
begin

w_ptr_next = ¥_ptr_succ;

empty_next = 17b0;

if (v_ptr_succ==r_ptr_logic)
full next = 1°b1;

end
2'b11: // write and read
bogin

w_ptr_next
r ptr_next
end
default
endease
ond

w_ptr_succ;
riptr_succ;

// 27b00; mull statement; no op

// output
assign w_addr = w_ptr_logic;
assign r_addr = r_ptr_logic;
assign full = full_logic;
assign empty = empty_logic;
endmodulo
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module d_1f_en_2seg
(
input logic clk, reset,
input  logic en,
input  logic d,

output logic q

)i

// signal declaration
logic r_reg, r_mext;

// body
// D FF
always_ff @(posedge clk, posedge reset)
if (reset)
T_reg <= 1°b0;
clse
T_reg <= T_mext;

// mezt—state logic
always_comb

if (en)

r_next = d;
else

r_nmext = r_reg;

// output logic
assign q = r_reg;
endmodule
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module sync_rom
«

input logic clk,

input logic [3:0] addr,

output logic [6:0] data

// signal_declaration
logic [s:0] rom [0:181; // ascending range
logic [6:0] data_reg;

// toad initial values from file led-pattern. tzt
7/ content of led_pattern. izt
7/ 1000000 1111001 0100100 0110000 0011001 0010010
7/ 0000000 0010000 0001000 0000011 1000110 0100001
initial

Sreadmemd (“led_patiern.txt”, rom);

// body
always_ff @(posedge clx)
data_reg <= rom[addr];

assign data = data_reg;
P 3

0000010 1111000
0000110 0001110
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module xadc_fpro (
// clock and reset
dclk_in,
reset_in,
// DRP interface signals
daddr_in,
den_in,
di_in,
dwe_in,
do_out ,
drdy_out ,
// dedicated analog input channel
vp_in,
vn_in,
// auziliary analog input channels
vauzp2,
vauzn2,
vauzps,
vauzn3,
i
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vauxni0,
vauzpll,

vaurnil,

// conversion status signals
busy_out,

channel_out,

eoc_out ,

eos_out ,

// alarm output

alarm_out

input delk_in;

input reset_in;
input [6:0] daddr_in;
input den_in;

input [15:0] di_in;
input dwe_in;

output [16:0] do_out;
output drdy_out;
input vp_in;

input vn_in;

input vauxp2;

input vauxn2;

input vauxp3;

input vauxn3;

input vauxpi0;

input vauxnio;

input vauxpii;

input vauxnii;
output busy_out;
output [4:0] channel_out;
output eoc_out;
output eos_out;
output alarm_out;
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module d_ff
¢
input logic clk,
input logic d,
output logic q
)

// body
always_ff @(posedge clk)

q <= d;
ondmodule
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module sync_rv_port_ram

#C
paramoter ADDR_WIDTH
DATA_WIDTH

number of address
number of bits

input logic clk,

input  logic we,

input logic [ADDR_VIDTH-1:0] addr_r,
input logic [ADDR_VIDTH-1:0] addr_w,
input logic [DATA_WIDTH-1:0] din,
output logic [DATA_WIDTH-1:0] dout

%

// signal_declaration
logic [DATA_WIDTH-1:0] ram [0:2++ADDR_VIDTH-1];
logic [DATA_WIDTH-1:0] data_reg;

// body
always_ff @(posedge clk)
bogin

// write operation

if (we)

ran[addr_w] <= din;
// read operation
data_reg <= ramladdr_rl;
end
// output
assign dout = data_re;
endmodule

bits
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module d_ff_reset

input logic clk, reset,
input  logic d,
output logic q
);

// body

always_ff @(posedge clk, posedge reset)
if (reset)

q <= 17b0;
else
q <= d;

ki
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module sync_one_port_ram

#C
paramoter DATA_WIDTH
ADDR_WIDTH

8, // number of bits
10 // number of address

input logic clk,

input  logic we_a,

input logic [ADDR_VIDTH-1:0] addr_a,
input logic [DATA_WIDTH-1:0] din_a,
output logic [DATA_WIDTH-1:0] dout_a
o

// signal_declaration
logic [DATA_WIDTH-1:0] ram [0:2++ADDR_WIDTH-1];
logic [DATA_WIDTH-1:0] data_a_reg;

// body
always_ff a(posedge clk)
begin
// write_operation
if (we_a)
ranladdr_al <= din_a;
// read operation
data_a_reg <= ram[addr_al;
end
// output
assign dout_a = data_a_reg;
endmodule

bits
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2’b00: r_data
2710 r_data array_reg[1];
2’b10: r_data array_reg[2];
default: r_data = array_reg(3]; // 2’b11
endcase
endmodule

array_reg[0];
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module hex_to_sseg

¢
input
input

o

always_comb,

begin

caso (hox)

ende

ssag
end
O Y

logic [3:0] hex,
logic dp,

200
an1

n2:

03
ana
a5
406
207
8
a9
Pna
amb

et

and
4na

output logic [7:0] sseg // output

ssegle 771000000 ;
ssegle 77b1111001 ;
sseg[6:0] = 77b0100100;
ssegle 770110000 ;
ssegle 7760011001 ;
ssegle 7760010010 ;
ssegle 7760000010 ;
ssegle 77b1111000;
ssegle 7750000000 ;
ssegle 7760010000 ;
ssegle 7760001000 ;
ssegle 7760000011 ;
sseg[6:0] = 7'b1000110;
ssegle 7760100001 ;
ssegle 7760000110 ;

active low

default: sseg[6:0] = 77b0001110; //4’hf

]
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#(
parameter DATA_WIDTH
ADDR_WIDTH

8, // number of bits
2 // number of address bits

input logic clk,

input logic wr_en,

input logic [ADDR_WIDTH-1:0] w_addr, r_addr,
input logic [DATA_WIDTH-1:0] w_data,

output logic [DATA_WIDTH-1:0] r_data

)i

// signal declaration
logic [DATA_WIDTH-1:0] array_reg [0:2++ADDR_WIDTH-1];

// body

// write operation
always_ff @(posedge clk)
if (wr_en)
array_reglv_addr] <= w_data;
// read operation
assign r_data = array_reglr_addr];
endmodule
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module reduced_xor_gen
#(parameter 11=8)
«
input logic [N-1:0] a,
output logic y
%

// signal declaration
Togic Di-1:0] p;

// body
7/ set up input of the st stage
assign plo] = alol;

// replicated cascading—chain siruture
Eenerate
genvar 1;
for (1=1;4<u;i=1+1
// an zor gate in each stage
assign pl1] = alil - pli-11;
endgencrate
// connect output from the last stage
assign y = pli-11;
endmodule
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module reduced_xor_loop
#(parameter N=8)
¢
input logic [N-1:0] a,
output logic ¥
b

always_comb,

begin
logic tap;
top = alol;
for (int i=i; 1<N; i=is1)
tap = ali] - wap;
y = tmp;
end

endmodule
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module reg_file_4x8

logic clk,

logic wr_en,

logic [1:0] w_addr, r_addr,
logic [7:0] w_data,

logic [7:0] r_data

// constant declaration
localparam DATA_WIDTH
ADDR_WIDTH

8, // number of bits
2; // number of address bits

// signal declaration
logic [DATA_WIDTH-1:0] array_reg [0:2#+ADDR_WIDTH-11;
logic [2+*ADDR_WIDTH-1:0] en;

// body

// 4 registers
always_ff @(posedge clk)

(en[01)
array_reg[0] <= w_data;
if (en[1])
array_reg[1] <= w_data;
if (en[2])
array_reg[2] <= w_data;
if (en[3])
array_reg[3] <= w_data;
end

// decoding logic for write address
always_comb
if (Twr_en)
en 4’b0000;

else

case (w_addr)
2°b00: en = 47b0001;
27b01: en = 47b0010;
27b10: en = 47b0100;

default: en = 4’b100
endcase
// read output muiplezing
always_comb
case (r_addr)

s/ 2
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module baud_gen
«
input logic clk, resst,
input logic [10:0] dvsr,
output logic tick

b

// declaration
logic [10:0] r_reg;
logic [10:0] r_next;

// body
7/ register
always_ff a(posedge clk, posedge reset)
if (reset)
r_reg <= 0;
else
r_reg

r_next;

// mezt—state logic
assign r_next = (r_teg
// output logic
assign tick = (r_reg:

sl

avsr) 7 0 : r_reg + 1;

g}
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module reg_file_2_read_port

#C
parameter DATA_WIDTH
ADDR_WIDTH

8, // number of bits
2 // number of address bits

input logic clk,

input logic wr_en,

input logic [ADDR_WIDTH-1:0] w_addr, r_addril, r_addr0,
input logic [DATA_WIDTH-1:0] w_data,

output logic [DATA_WIDTH-1:0] r_datal, r_data0

)i

// signal declaration
logic [DATA_WIDTH-1:0] array_reg [0:2+#+ADDR_WIDTH-1];

// body
// write operation
always_ff @(posedge clk)
if (wr_en)

array_reglu_addr] <= w_data;
// read port 1
assign r_datat
// read port 0
assign r_data0

endmodule

array_reglr_addril;

array_reg[r_addrol;
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module hex_to_sseg_test
¢
input logic clk,
input logic [7:0] sw,
output logic [3:0] an,
output logic [7:0] sseg
b

// signal declaration
logic [7:0] inc;
logic [7:0] 1edo, ledi, led2, led3;

// increment input
assign inc = v + 1;

// instantiate four instances of hez decoders
7/ instance for 4 LSBs of input
Hox_to_sseg sseg_unit_0

Chox(sul3:01), .dp(1'b0), .sseg(led0));
// instance for 4 MsBs of input
Hex_to_sseg sseg_unit_t

Uhox(sul7:417, .dp(17b0), .sseg(ledi));
// instance for 4 LSBs of incremented value
Hox_to_sseg sseg_unit_2

Cnex(inc[3:01), .@p(1b1), .sseg(led2));
// instance for 4 MSBs of incremented value
Hox_to_sseg sseg_unit_3

Chex(inc[7:41), .ap(1b1), .sseg(leds));

// instantiate 7-seg LED display time—multiplezing module
isp_mux dispunit
(Celk(clk), .reset(17b0), .in0(ledo), .int(ledi),
-in2(led2), .1n3(1ed3), .an(an), -sseg(ssem));
iR





OEBPS/Images/image00602.jpeg
always_ff @(posedge clk)
begin
// write operation
if (wr_en)
array_reg[w_addr] <= w_data;

// read operation
data_reg = array_reglr_addrl;

end
assign r_data = data_reg;
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module uart_rx
=
parameter DBIT = 8, // # data bits
SB_TICK - 16 // % ticks for stop bits

input logic clk, reset,
input logic rx, s_tick,
output logic rx_done_tick,
output logic [7:0] dout
%

J/ fem_ state wpe
“ypedef enum {idle, start, data, stop} state_type;

// signal declaration
State_type state_teg, state_next;
logic [3:0] s_reg, s_next;
logic [2:0] n_reg, m_next;
logic [7:0] b_reg, b_next;

// body
7/ FMD state & data registers

always_ff @(posedgo clk, posedge resst)
if (reset) begin
state_reg

idle;

else begin
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module sign_mag_add
#(parameter Ti=4)
¢
input logic [N-1
output logic [N-1
%

a, b,

// signal declaration
logic [N-2:0] mag.a, mag-b, mag_sun, max, min;
logic sign_a, sign_b, sign_sun;

//body

always_comb,

begin

// separate magnitude and sign
mag_a = a[N-2:0];

mag_b = b[N-2:0];

sign_a = ali-1];

signb = blN-1];

// sort according to magnitude
if (nag-a > mag.b)

begin
max = mag.a;
min = mag b;
sign_sun - sign_a;
end
else
begin
max = mag.b;
min = mag_a;
sign_sun = sign.b;
end
add/sub magnitude
if (sign_a==sign_b)
nag_sum = max + min;
else
nag_sun = max - min;

form output
sun = {sign_sun, mag_sum};
end
endmodule






OEBPS/Images/image00603.jpeg
module true_rom_with_file
¢
input logic [3:0] addr,
output logic [6:0] data

// signal declaration
logic [6:0] hex_rom [0:151; // ascending range

// load initial values from file led_pattern. izt
// content of led_pattern. tzi:

// 1000000 1111001 0100100 0110000 0011001 0010010 0000010 1111000
// 0000000 0010000 0001000 0000011 1000110 0100001 0000110 0001110

initial
§readmemb ("led_pattern.txt", rom);

// body

assign data = hex_rom([addr];
endmodule
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state_reg <= state_next;
s_reg <= s_next;
nlreg <= nimexi;
blreg <= b mexi;
end
// FSMD nezt—state logic
always_comb
begin
state_next = state_reg;
rx_dome_tick = 1700;

s_mext - s_reg;

n_next = n_reg;
blnext = b_reg;
caso (state_reg)
iale
if Crx) begin
state_next = start;
s_mext = 0;
end
starc:
if (s_tick)
if (s_reg==7) bogin
state_next = data;
s_mext = 0;
nlnext = 0}
end
else
s_mext = s_reg + 1;
data
if
15) bogin
o;
{rx, b_reg(7:11};
(DBIT-1))
state_mext = stop ;
else
n_next = n_reg + 1;
end
else
s_mext = s_reg + 1;
stop
if (s_tick)
if (s_reg==(SB_TICK-1)) bogin
state_next - idle;
rx_dome_tick =1’bi;
end
else
s_mext = s_reg + 1;
endease
end
// output
assign dout = b_reg;

endmodule
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module barrel_shifter_case
¢
input logic [7:0] a,
input logic [2:0] amt,
output logic [7:0] y
%

// body
always_comb.
case (ant)
3700:
3701 (a[o]. al7:113;
3702 al
3703 al
3704 al
3708 al
3708: al
dofaul fal6:0], al
endease

i oy
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module true_rom_with_init_value

«

input logic [3:0] addr,
output logic [6:0] data

)i

// signal declaration with

initial values (with ascending range)

logic [6:0] hex_rom [0:15]=’{

7751000000,
7751111001,
7750100100,
7750110000,
770011001,
770010010,
770000010,
7751111000,
770000000,
770010000,
7750001000,
770000011,
7751000110,
770100001 ,
770000110,
7750001110

}

// body
assign data =
snlimelinlles

s
W
b/
Vi
7/
/7
77
/7
L
4
77
/7
7
/7
/7
e

addr
addr
addr
addr
addr
addr
addr
addr
addr
addr
addr
addr
addr
addr
addr
addr

00
o1
02
03
04
05
06
07
08
09
10
11
12
13
14

15

hex_rom[addr];
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case (state_reg)
idla: begin
tx_next = 1°b1;
if (tx_start) bogin
state_next = start;
s_mext = 0;
b next = din;
end
end
start: begin
tx_next = 1°b0;
if (s_tick)
if (s_reg==15) begin
state_next = data;
s_next = 0;
nlnext = 0}

end
else
s_mext = s_reg + 1;
end
data: begin
tx_next = b_reglol;
if (s_tick)

if (s_reg==15) begin
s_dext = 0;
b_next = bireg > 1;
if (n_reg==(DBIT-1))
state_mext = stop
else
n_next = n_reg + 1;
end
else

s_mext = s_reg + 1;
end
stop: begin
tx_next = 1b1;
if (s_tick)
if (s_reg==(SB_TICK-1))
state_next - idle;
tx_dofe_tick = 17b1;

end
else
s_mext = s_reg + 1;
end
endease
end
// output

assign tx = tx_reg;
imidimodalo

begin
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end
end
hold: begin
ready_i
sda_out = 1°b
scl_out = 1°b
if (wr_i2c) begin
cmd_next = cmd;
c_next = 0;
case (cmd)
RESTART_CMD, START_CHMD:
state_mext = restart;
STOP_CMD:
state_next =
default: begin
bit_next = 0;
state_mext = datal;
tx_next = {din, nack};
end
endcase
end // end if
end
datai: begin
sda_out =
scl_out =
data_phase
if (c_re
c_mext =
state_next
end
end
data2: begin
sda_out =
data_phase = 17b1;
if (c_reg==qutr) begin
c_mext = 0
state_next
rx_next =
end // end if
end
data3:

1°b1;

stopt;

tx_reg(8];
1°b0;

1vp1;
uer) begin
0;
data2;

tx_reg(8];

data3;
{rx_reg[T:

begin

sda_out =
data_phase

tx_reg[8];
F22 o 5

state_next = datad;
end // end if
end
data4: begin
sda_out = tx_reg[8l;
scl_out = 1°b0;
data_phase = 1’bi;
if (c_reg==quir) begin
c_next 0;
if (bit_reg==8) begin

01, sda}; //shift

// in progress; prepared for the mest op

// start; error (restart?)

/7
//

stop

read/write a byte

//

nack used as NACK in read

data in

// done with 8 data bits + 1 ack

state_next = data_end; // hold;

done_tick_i = 1°b1;
end
else begin
tx_next = {tx_regl7:0],
bit_next = bit_reg + 1;

17b03};
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module barrel_shifter_stage

¢
input logic [7:0] a,
input logic [2:0] ant,
output logic [7:0] y

b

// signal declaration
logic [7:01 s0, st;

// body
7/ stage 0, shift 0 or 1 bit
assign s0 = ancl0] 7 {alo], al7:11} : a;
// stage 1, shift 0 or 2 bits
Assign st = ams[1] 7 {s0[1:01, s0[7:21} : s0;
// stage 2, shift 0 or 4 bits
Assign y = anvl[2] 7 {st[3:00, st[7:41} : si;
endmodule
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module uart

¢
parameter DBIT = 8, // # data bits
SB_TICK = 16, // # 16 ticks for 1 stop bit
FIFOW = 2 // # addr bits of FIFO
)
[/

input logic clk, reset,
input logic rd_uart, wr_uart, rx,
input logic [7:0] w_data,

input logic [10:0] avsr,

output logic tx_full, rx_empty, tx,
output logic [7:0] rldata

b

// signal declaration
logic tick, rx_done_s_tick, tx_dome_tick;
logic tx_empty, tx_fifo_not_empiy;

logic [7:0] tx_fifo_out, rx_data_out;

//body
baud_gen baud_gen_unit (.+);

wart_rx #(.DBIT(DBIT), .SB_TICK(SB_TICK)) uart_rx_unit
(s, s tick(zick), .dout(rx_data_out));

varc_tx #(.DBIT(DBIT), .SB_TICK(SB_TICK)) uart_tx_unit

(s, .s_tick(tick), .tx_start(tx_fifo_not_empty), .din(tx_fifo_out));

£ifo #(.DATA_WIDTH(DBIT), .ADDR_WIDTH(FIFO_W)) fifo_rx_unit

.+, .rd(zd_vart), .vr(rx_dome_tick), .u_data(rx_data_out),

empty(rx_empty), .full(), .r_data(r_data));

£ifo #(.DATA_WIDTH(DBIT), .ADDR_WIDTH(FIFO_W)) fifo_tx_unit
.+, .rd(ix_done_tick), .ur(ur_uart), .v_data(v_data),
empty(tx_empty), .full(sx_full), .r_data(sx_fifo_out));

assign tx_fifo_not_empty = "tx_empty;
P
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state_next = datal;
end // end else
end // end if

end

data_end: begin
sda_out = 1°b0;
scl_out = 1°b0;

quer) begin
0;
state_next = hold;
end // end if
end
restars: // generate idle condition
half) begin
0;
state_mext = starti;
end
stopl: begin // stop condition

sda_out = 1°b0;
half) begin
03

state_next = stop2;
end // end if
end
default: // stop2 (for turnaround time)
if (c_reg==half)
state_next = idle;
endcase
end
assign done_tick = dome_tick_i;
assign ready = ready_ij;

endmodule
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module hex_to_sseg_with_ROM
¢
input logic [3:0] hex,
input logic dp,

output logic [7:0] sseg // output active low
)5

true_rom_with_file rom_unit
(.addr (hex), .data(sseg[6:01);
assign sseg(7] = dp;
endmodule
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module i2c_master (

input logic clk, reset,

input logic [7:0] din,

input logic [15:0] dvsr,

input logic [2:0] cmd,

input logic wr_i2c,

output tri scl,

inout tri sda,

output logic ready, dome_tick, ack,
output logic [7:0] dout

);

//symbolic constant

localparam START_CMD  =3’b00
localparam WR_CMD =37b001;
localparam RD_CMD =37b01

localparam STOP_CMD =3°b011;
localparam RESTART_CMD =3’b10
// fsm state type
typedef enum {
idle, hold, startl, start2, datal, data2, datad, data4,
data_end, restart, stopl, stop2
} state_type;

// declaration

state_type state_reg, state_mext;
logic [15:0] c_reg, c_mext;
logic [15:0] qutr, half;

logic [8:0] tx_reg, tx_mext;
logic [8:0] rx_reg, rx_mext;
logic [2:0] cmd_reg, cmd_next;
logic [3:0] bit_reg, bit_next;
logic sda_out, scl_out, sda_reg, scl_reg, data_phase;
logic dome_tick_i, ready_i;
logic imto, nmack ;

// body

/AR AAAE AT AAA R A AR RAA AR AR LR AE A FA KRR K AR

// output control logic

P

// buffer for sda and scl lines
always_ff @(posedge clk, posedge reset)
if (reset) begin
sda_reg <= 1'b
scl_reg <= 1'b
end
else begin
sda_reg <= sda_out;
scl_reg <= scl_out;
end
// only master drives scl line
assign scl = (scl_reg) ? 1’bz : 1°b0;

// sda are with pull—up resistors and becomes high when not driven

// "into” signal asserted when sdat into master
assign into - (data_phase && cmd_reg=-RD_CMD && bit_reg<8)
(data_phase && cmd_reg=-WR_CMD && bit_re

assign sda = (into || sda_reg) ? 1’bz : 1°b0;
// output
assign dout = rx_regl8:1];

assign ack = rx_regl0]; // obtained from slave in write
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module sm_add_test
¢
input logic clk,
input logic [1:0] bea,
input  logic %,
output logic an;
output logic [7:0] sseg
b

// signal declaration
logic [3:0] sun, mout, oct;
logic [7:0] led3, led2, ledi, ledo;

// instantiate adder
Sign_mag_add #(.N(4)) sm_adder_unit
Ca(sw[3:0]), .b(swl7:41), sum(sum));

// magnitude displayed on rightmost 7-seg LED
assign mout = (btn==27b00) 7 su
(bta==27b01) 7 sul
assign oct = {1760, mout[2:0]
// instantiate hez decoder
Hex_to_sseg sseg_unit
(-hex(oct), -dp(17b1), .sseg(ledo));

// sign displayed on 2nd 7-seg LED

// middle LED bar on_ for negative number
assign ladl = mout[3) 7 B’bIOLLLINL ¢ B bi1111111;
// blank two other LEDs

Gssign led2 = 8'bi1M11111;

assign led3 = 8'bi111111;

// instantiate 7-seg LED display time—multiplezing module
isp.mux disp_unit
(Celk(clk), .resst(17b0), .in0(ledo), .ini(ledt),
-in2(1ed2), .1n3(1ed3), .an(an), .sseg(sseg));
endmodule
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module true_rom_with_case
«
input logic [3:0] addr,
output logic [6:0] data
)

always_comb
case (addr)

4’h0: data = 7’b1000000;

4’h1: data = 7°b1111001;

4’h2: data = 7’b0100100;

4’h3: data = 7°b0110000;
4’ha: data = 7°b0011001;
47h5: data = 7°b0010010;
47h6: data = 770000010

4°h7: data = 7°b1111000;
47h8: data = 77b0000000;

47h9: data = 770010000
4’ha: data = 7°b0001000:
4’hb: data = 7°b0000011;
4’hc: data = 7°b1000110;
4’hd: data = 7°b0100001;

4’he: data = 77b0000110;
4’hf: data = 7°b0001110;
endcase
endmodule
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module uart_tx

#C
paramoter DBIT = 8,  // # data bits

SBTICK < 16 // # 16 ticks for 1 stop bit
)
¢

input logic clk, resst,
input logic tx_start, s_tick,
input logic [7:0] ain,
output logic tx_dons_tick,
output logic tx

E

// fom state tpe
“ypedef enum {idle, start, data, stop} state_type;

// signal declaration
State_type state.reg, state_next;
logic [3:0] s_reg, s_mext;

logic [2:0] n_reg, n_mext;

logic [7:0] b_reg, b_next;

logic tx_reg, tr_mext;

// body
// FSMD state & data registers
always_ff a(posedge clx, posedge reset)
if (reset) begin
state_reg

1dle;

else begin
state_reg <= state_mext;

s_reg <= s_mext;
n_reg <= m_mext;
blreg <= b next;

tx_Tag
end

tx_next;

// FSMD nezi—state logic & functional units
always_comb
begin

state_next = state_reg;

tx_done_tick = 1'b0;

s_next - s_rog;

lnext = n_reg;

bnext = b_reg;

tr_next = Tx_reg ;
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assign nack = din[0]; // used by master in read operation
N A N
// fsmd for tramsmitting three bytes
-
// registers
always_ff @(posedge clk,
if (reset) begin
state_reg <=
c_teg
bit_reg
cmd_reg
tx_Teg
rx_reg
end

else begin

posedge reset)

idle;

<

cocococow

state_reg <= state_next;
c_reg <= c_next;
bit_reg <= bit_mext;
cmd_reg <= cmd_next;
tx_reg <= tx_mext;
rx_reg <= rx_mext;
end

assign quer
assign half

dvsr;
{quer[14:0],

1°b0}; // half = 2% quir

// mezt—state logic

always_comb

begin
state_mext = state_reg;
c_mext = c_reg + 1;
bit_next = bit_reg;

// timer counts continuously

tx_next
Tx_next

cmd_next
done_tick
ready_i
scl_out
sda_out
data_phas.

tx_reg
rx_reg;
cmd_reg
_i = 17b0;
1750;
17b1;
17b1;
17005

g

case (stave_reg)

idle:

begin

ready_i = 1’bi;
if (wr_i2c && cm
state_next
c_next = 0;
end
end
starti: begin
sda_out 1°b0;
if (c_reg==half) begin
c_next
state_next
end
end
start2: begin
sda_out

START_CMD) begin
starsi;

//start

// start condition

1°b0;
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Tosd < bt
4= arwoid;
a(nogedge c1k);  // wait for one clock
Tosd - b0
ropeat (2) 6 (negedge clk);
77 test syn_clear
syn_clr = 1°b1; // assert clear
anogedge <1k ;
syneir - 760;
77 test up counter and pause
en = 17b1; // count
w - i
repeat (10) @ (negedge clk);
an = 17003 // pause
ropeat (2) 6 (negedge clk);
an - 1mt;
ropeat (2) 6 (negedge clk);
7/ test doun counter
W - 1700;
repeat (10) 6 (nogedge clk);
77 other wait conditions
7/ continue until g2
Wait (q==2);
8 (nogedge clk);
wp - 1701
J/ continue_until min_tick becomes 1
&(nogedge c1k);
wait (nin_tick) ;
8 (nogedge clk);
w - 1700;
77 absolute delay
¥aaDy; /7 wait for 50 ns
an = 13003 // pause
saany; // wait for 50 ns
77 stop simulation
7 return to interactive simulation mode
Setop;
ond
W e
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logic q_reg, qmext;
// register
always_ff @(posedge clk)
qreg <= qmext;
// combinational newt—state circuit
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‘include "chu_io_map.svh"
module zmio_sys_sampler

#(
parameter N_SV
N_LED
)
¢

input logic clk,
input logic reset,

// FPro bus

input logic mmio_cs,

input logic mmio_wr,

input logic mmio_rd,

input logic [20:0] mmio_addr,
input logic [31:0] mmio_wr_data,
output logic [31:0] maio_rd_data,
// switches and LEDs

input logic [N_SW-1:0] sw,
output logic [N_LED-1:0] led,

// wart

input logic x,

output logic tx,

// 4 analog input_pair

input logic [3:0] adc_p, adc_n,
// pum

output logic [7:0] pum,
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logic [N-1:0] r_reg;
// counter unit
always @(posedge clk) begin
logic (N-1:0] rnext; // "local” variable
r_mext = r_reg + 1; // mext—state logic

£Seagien Tosze: 77 register
end

//"global” variable
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logic [8:0] sum_ext; // extend sum to 9 bits

assign sun_ext = {1750, a} + {17b0, b};
assign sun2 = sum_ext[9:1];
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// shift 0 to MSB of suml
assign suml = (a + b) >> 1;

// shift carry—out of atb to MSB of sum2
assign sum2 = (0 +a + b) >> 1;
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assign max = (a>b) ? ((a>e) ? a : ¢)
(b>e) 7 b ¢ e);
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assign eq = ("i1 & "i0) 7 1’b1
i1 & i0) 7 1°b0
(i1 & "i0) 7 1°b0
1
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if [boolean_exp] then
[signall = [true_expl;
else
[signall = [false_expl;
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logic [7:0] a;
logic [7:0] rot, shl, sha;

// rotate a to right 3§ bits
assign rot = {al2:0], al8:3]};
// shift a to right 3 bits and insert 0 (logic shift)
assign shl = {37b000, al8:31};

// shift a to right 3 bits and insert MSB

// (arithmetic shift)

assign sha = {a[8], al8], al8], a[8:3]
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logic al;
logic [3:0] a4;
logic [7:0] b8, c8, d8;

{a4, aa};
{al, at, a4, 2°b00};
{b8[3:0], c8[3:0]};

assign b8
assign c8
assign d8
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module bin_counter_merge
#(parameter N=8)
«
input logic clk, reset,
output logic max_tick,
output logic (N-1:01 q
)

// declaration
logic (N-1:0] r_reg;

// body
7/ register and nert—state logic

always @(posedge clk, posedge reset) begin
:0] r_next; // local variable declaration

logic Oi-
if (reset)
r_rag <=
else begin
// mezt-state logic
T_next = r_reg + 1;
/] register
T_reg <= r_mext;

end
end

// output logic
ign q = r_re
assign max_tick = r_reg==2+sli-1;

endmodule
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module disp_mux
¢
input logic clk, reset,
input logic [7:0] in3, in2, ini, in0,
output logic [3:0] an, // enable
output logic [7:0] sseg // led segments
%

// constant declaration
// refreshing rate around 1600 Hz (100 MHz/2°16)
localparam N = 18;

// signal declaration
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module bin_counter_compach
#(parameter N=8)
«
input logic clk, reset,
output logic max_tick,
output logic [I-1:0] q
35

// declaration
logic (N-1:01 r_reg;

// body

always_ff 8(posedge clk, posedge reset)
if (reset)

r_reg <= r_reg + 1;
// output logic
assign g = r_reg;
assign max_tick = r_reg==2++l-1;
endmodule
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moduls b _fT.15ag
«
input  logic
input logic
output logic
h

logic gq_next;

// DFF
always_ff @(posedge clk)
q <= qonext;
// combinational circuit
always_comb
g_next = a & b;
endendidd
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module ab_ff_all
«
input logic clk,
input logic a, b
output logic 40, at, a2, 3, a4, 95
)

logic ab0, abi, ab2, ab3, abd, ab

// attempt 0
always_ff @(posedge clk)

begin
ab0 = a & b;
q0 <= ab0;
end

// attempt 1
always_ff @(posedge clk)

begin // ablentry = abl; qlentry = al;
abl <= a & b; // ablgeserrea = a & b
@15 // Qlaeserrea = ablentry
// bl = ablaeservea; 41 = qlaegerved

// attempt 2
always_ff @(posedge clk)

begin
ab2 = a & b;
q2 = ab2;
end

// attempt 3 (switch the order of attempt 0)
always_ff @(posedge clk)

begin
93 <= ab3;
ab3 = a & b;

end

// attempt 4 (switch the order of attempt 1)
always_ff 8(posedge clk)

begin 7/ Wbhentry = abk; dhentry = ab;
q4 <= abd; // @hdegerred = abfentry
ab4 <= a k b5 // abdeserred =a & b

end // ab4 = abjaeserred; 44 = Ghaeferred

// attempt 5 (switch the order of attempt 2)
always_ff 0 (posedge clk)

begin
a5 = abs;
abb = a & b;
end

endmodule
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module div_combined
#(parameter W = 8)
¢
input logic clk, reset,
input logic start,
input logic [W-1:0] dver, dvad,
output logic ready, done_tick,
output logic [U-1:0] quo, rmd

// fsm state type
typedef coum {idle, op, last, dome} state_type;

// # bits in_counter
localparam CBIT = $clog2 (W+1);

// signal declaration
State_type state_reg;

logic [4-1:0] rhreg, rl_reg, d_reg;
logic [CBIT-1:0] n_reg;

// fsmd registers and nezt—state logic
always 8(posedge clk, posedge reset)
begin
logic [W-1:0] rh_tap;
logic [CBIT-1:0] n_next;
logic q_bit;
if (reset) begin
state_reg <
th_reg <= 0;
rlireg <= 0;
d_reg <= 0
n_reg <= 0;
end
clse begin

idle;

7/ data path functional units

// to get intermediate results

7/ compare and subtract circuit

if (rh_reg >= d_reg) begin
rh_top = rh_reg - d_reg;
Q.bit = 17b1;

end
clse begin
rh_top = rth_reg;
q.bit = 17503

end
// indez decrement circuit
D_next = n_reg - 1;

// state and data registers and nezt-state logic
case (state_reg)
idle: begin
if (start) begin
rh_reg <= 0;
rlreg <= dvad; // dividend
d_reg <= dvsr; // divisor
nireg <= W + 1; // index
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module disp_mux_test
¢
input  logic
input  logic
input logic
output logic
output logic

logic [7:0] d3_reg, d2_reg, di_reg, dO_reg;

// instantiate 7-seg LED display time—multiplezing module
isp_mux aisp_unit
C.clk(clk), .reset(1’b0), .in0(d0_reg), .imi(di_reg),
[in2(42_reg), .in3(d3_reg), .an(an), .sseg(sse));

// registers for 4 led patterns
always_ff 0(posedge c1x)
bogin
if oenls))
43_reg <= sv;
it (oE(2)
42_reg
if oEnli))
a1_reg <= sv;
if (oen(0))
40_reg <= sv;

end
endmodule
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state_reg <= op;
end
end

begin
// shift th and ri left
Tl_reg <= {rl_reg(¥-2:01, q_bit};

rh_reg <= {rh_tmp[W-2:0], rl_regli-11};

// decrease indez

state_reg <= last;
end
last: begin // last iteration
rl_reg <= {rl_reg(¥-2:01, q_bit};
rh_reg <= rh_tmp;
state_reg <= dome;
end
done:
state_reg <= idl

default: state_reg <= idle;
cndease
end
end
// output
assign quo = rl_reg;

rnd = rh_reg;
ready = state_reg==idla;
assign dona_tick = stata_rag
T [ e
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logic [N-1:0] q_reg;
logic [N-1:0] q_mext;

// N-bit counter

// register
always_ff @(posedge clk, posedge reset)

if (reset)
q.reg <=
else
q.reg <= q_mext;

// mext—state logic

assign q_next = q_reg + 1;

// 2 MSBs of counter to control j—to—1 multiplezing
// and to generate active—low enable signal

always_comb
case (q_reg[N-1:N-21)

27b00:
begin
an = 4°b1110;
sseg = in0;
end
2710
begin
an = 4’b1101;
sseg = ini;
end
2’b10:
begin
an 4°b1011;
sseg = in2;
end
default :
begin
an 4°b0111;
sseg = in3;
end
endease

// blank upper 4 digits (comment out for j—digit display)
assign an(7:4] = 4°b111
endmodule
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module univ_bin_counter_merged
#(parameter N=8)
«
input logic clk, reset,
input logic syn_clr, load, em, up,
input logic [N-1:0] d,
output logic max_tick, min_tick,
output logic 01 q
2l

// declaration
logic (N-1:0] r_reg;

// body
7/ register and mezt-state logic
always_ff 8(posedge clk, posedge reset)
if (reset)
rreg <= 0
else if (syn_clr)
rreg <= 0;
else if (load)
rreg <= d;
else if (en & up )
rreg <= rreg + 1;
else if (en & “up )
r_reg <= rreg - 1;
// no else branch since g <= g is implicitly implied

/) output logic
q = rreg
max_tick
ssign min_tick
endmodule
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output logic [7:01 an, // enable, I-out—of—f asserted low

assign anl7:4] = 4’b1111;
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module fsu_eg_merged
«
input logic clk, reset,
input logic a, b,
output logic y0, y1
o

J/ fsm state type
‘typedsf cnum {s0, s1, s2} stats_typ

// signal declaration
State_type state_reg;

// state register and nezt-state logic
always @(posedge clk, posedge reset)
it (reset)
state_reg <= s0;

clse
case (state_reg)
50
if (a)
it (b)
state_reg <= s2;
clse
state_reg <= si;
else
state_reg <= s0;
st:
if (a)
state_reg <= s0;
else
state_reg <=
s2: state_reg <= s0;
default: state_reg
endease

Moore output logic

Mealy output logic
ssign y0 = (state_reg==s0) & a & b;
sioile

ign y1 = (state_reg==s0) || (state_reg==s1);
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module seql:
«
input logic clk,
input logic syn_clr,
input logic d,

output logic q

Y5

// body

always_ff @(posedge clk)
if (syn_clr)

£f_syn_clr

q <= 1°b0;
else
q <= d;

endmodule
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module d_ff_reset_sy

£

input logic clk, reset,
input logic syn_clr,
input  logic d,

output logic q

%

// body

always_ff @(posedge clk, posedge reset)
if (reset)

q <= 17b0;
else if (syn_clr)
q <= 17b0;

else

q <=
endmodule
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module d_ff_en_iseg
(
input  logic clk, reset,
input logic en,
input  logic d,
output logic q
);

// body

always_ff @(posedge clk, posedge reset)
if (reset)

q <= 17b0;
else if (en)
q <= d;

‘endmodule
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module d_ff_sync_clr_2seg
(
input  logic clk,
input  logic syn_clr,
input  logic d,
output logic q

// signal declaration
logic r_reg, r_mext;

// body
// D FF

always_ff @(posedge clk)
T reg <= r_next;

// mext—state logic
always_comb
if (syn_clr)
Tr_next = 1’b0;
else
r_next = d

// output logic

assign q = r_reg;
endmodule
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module chu_xadc_core

«

input logic clk,

input logic reset,

// slot interface

input logic cs,

input logic read,

input logic write,

input logic [4:0] addr,

input logic [31:0] wr_data,

output logic [31:0] rd_data,

// external signals

input logic [3:0] adc_p,
input logic [3:0] adc_n
5

// signal declaration
logic [4:0] channel;

logic [6:0] daddr_in;
logic eoc;
logic

logic adc_data;

logic [15:0] adcO_out_reg, adcl_out_reg, adc2_out_reg, adc3_out_reg;
logic [15:0] tmp_out_reg , vcc_out_reg ;

logic [31:0] r_data;

// instantiate zadc
xadc_fpro xadc_umit (
.delk_in(clk), // input logic delk_in
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// The ‘timescale directive specifies that
// the simulation time unit is I ns and
// the simulation timestep is 10 ps
‘timescale 1 ns/10 ps

module eq2_testbench;
// signal declaration
logic [1:0] test_in0, test_inmi;
logic test_out;

// instantiate the circuit under test
eq2 uut

(.a(test_in0), .b(test_inl), .aegb(test_out));

// test vector gemerator

initial
begin
// test vector 1
test_in0 2’b00;
test_ini 2’b00;
# 200;
// test vector 2
test_in0 2°b01;
test_inl 2’b00;
# 200;

// test vector 3
test_in0 2’b01;
test_inl = 2’b11;

# 200;
// test vector 4
test_in0 2°b10;
test_inl 2°b10;
# 200;

// test vector 5
test_in0 = 2°b10;
test_inl = 27b00;

# 200;
// test vector 6
test_in0 2'b11;
test_inl 27831
# 200;

// test vector 7
test_in0 = 2’b11;
test_inl = 27b01;
# 200;

// stop simulation
$stop;
end
endmodule
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module eq2_top
¢
input logic [3:0] sw,
output logic [0:0] led
ol

// body

// instantiate 2-bit comparator
eq2 eq_unit (.a(sw[3:21), .b(swl
endmodule

1), .aeqb(led[01));
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primitive eql_udp(eq,
output eq;
input i0, i1;

table
// i0 i1
o

0 1

10

1 1
endtable
endprimitive

io0,

i1);
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module eql_primitive
«
input logic 0, i1,
output logic eq
)%

// internal signal declaration
logic i0_n, il_n, p0, pi;

//primitive gate instantiations

not uniti (i0_m, i0); // i0_n = "io;
not unit2 (il_m, i1); SR =

and unit3 (p0, i0_n, i1l_n); // p0 = i0_n & il_n;
and unit4 (p1, i0, i1); // p1 = i0 & i1;

or unit5 (eq, p0, pi); // eq = p0 | p1;

endmodule
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.reset_in(reset), // input logic reset_in
.di_in(16700000), 7/ input logic [15 : 0] diin
.daddr_in(daddr_in), // input logic [6 : 0] daddr_in
.den_in(eoc), 7/ input logic den_in
.dve_in(17b0), 7/ input logic dwe_in
.drdy_out (rdy), // output logic drdy_out
~do_out (adc_data), 7/ output logic [15 : 0] do_out
.vp_in(1'b0), // input logic wp_in
vn_in(17b0), 7/ input logic vn_in
.vauxp2(adec_p[21), // input logic vaurp2
-vauxn2 (ade_n[21), 7/ input logic vaurn2
.vauxp3(adec_p[01), // input logic vaurp3
- vauxn3 (adc_n[01), 7/ input logic vauzn3
.vauxp10(adc_p[11), // input logic vaurp10
.vauxni0(adc_n(1]),  // input logic vaurni0
.vauxp1i(ade_p[31), // input logic vaurptf
.vauxnii(adc_n(31),  // input logic vauznif
-channel_out (channel), // output logic [§ : 0] channecl_out
-eoc_out (oc), 7/ output logic coc_out
~alarm_out(), 7/ output logic alarm_out
Leos_out (), 7/ output logic eos_out
~busy_out () 7/ output logic busy_out

E53

assign daddr_in = {2500, chamnel};

// registers and decoding

always_ff @(posedge clk, posedge reset)

if (roset) begin

2dc0_out_reg <= 16°h0000;
adct_out_reg <= 167h0000;
adc2_out_reg <= 16°h0000;
adc3_out_reg <= 167h0000;
tmp_out_reg <= 167h0000;
vee_out_reg <= 167h0000;

end

else begin
if (rdy && chamnel == §b10011)

2dc0_out_reg <= adc_data;
(rdy & chamnel == 5’b11010)
adci_out_reg <= adc_data;
(rdy & chamnel == 5'b10010)
2dc2_out_reg <= adc_data;

if

if

if (rdy & chamnel == 5’b11011)
2dc3_out_reg <= adc_data;
if (rdy & chamnel == 5’b00000)

tmp_out_reg <= adc_data;

if (rdy 8& chammel

vec_out_reg

end

// read multiplezing
always_comb
case (addr [2:01)
375000
r_dava <= {1670000,
375001 :
r_data
375010
r_data <= {1670000,
37011

<= 16780000,

57500001)
<= adc_data;

adc0_out_reg};
adel_out_reg};

ade2_out_reg};
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module free_run_shift_reg
#(parameter N=8)
(
input logic clk, reset,
input logic s_in,
output logic s_out
)i

// signal declaration
logic [N-1:0] r_reg;
logic [N-1:0] r_next;

// body

// register
always_ff @(posedge clk, posedge reset)

if (reset)
T_Teg <= 0;
else
r_reg <= r_nmext;

// mext—state logic

assign r_next = {s_in, r_reg[N-1:11};
// output logic
assign s_out = r_regl0];

endmodule
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#ifndef _XADC_CORE_H_INCLUDED
#define _XADC_CORE_H_INCLUDED

#include "chu_init.h"
class XadcCore {
public:

enun {

ADC_0_REG
THP_REG = 4
VCC_REG = &

g
YadcCore (uint32_t cors_base_addr);
“XadeCore ) // not used
uintié v read_raw(int n);
double read_adc_in(int n);
double read_fpga_vcc();
double read_fpga_temp();
private:
uint32_t base_addr;
1

#endif // XADC.CORE_HINCLUDED
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module univ_shift_reg
#(parameter N=8)
(
input logic clk, reset,
input logic [1:0] ctrl,
input logic [N-1:0] d,
output logic [N-1:0] q
);

//signal declaration
logic [N-1:0] r_reg, r.mext;

// body

// register
always_ff @(posedge clk, posedge reset)
if (reset)
T_reg <= 0;
else
T_reg <= T_mext;

// mezt—state logic
always_comb
case(ctrl)
2'b00: r_next = r._reg; // mo op
2°b01: r_mext = {r_reg[N-2:0], d[01}; // shift left
2°b10: r_next = {d[N-11, r_reg[N-1:11}; // shift right
default: r_next = d; // load

endcase
// output logic

assign q = r_reg;
endmodule
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begin // Wentry

v

y <= a; // Yaeserrea = a

y <=yé&b; // Vdeserred = Yentry & b

y<=y&c; // Ydeferrea = Yentry & c
end // Y = Yaegerrea

endmodule
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XadcCore::XadcCore(uint32_t core_base_addr) {
base_addr = core_base_addr;
i

XadcCors::"XadeCore () {}

wint16_t XadcCore:: read_raw(int m) {

uint16_t rd_data

rd_data= (uint16_t) io_read(bass_addr, ADC_O_REG+n) & 0x0000£fff;
return (rd_data);

b3

double XadcCora
uinti6_t raw;

read_adc_in(int n){

rav = read_raw(m) > 4;
return((double)raw/4096.0);
%

double XadcCore::read_fpga_vee O{
return(read_adc_in(VCC_REG)*3.0);
b

double XadcCore::read_fpga_temp )L
roturn(rsad_adc_in(TMP_REG)#503.975 - 273.15);
¥
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module and_block
«
input logic a, b, ,
output logic y
i

always_comb
begin

v
v

end
endmodule
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r_data <= {16°h0000, adc3_out_reg};

375100
r_data <= {16’h0000, tmp_out_reg};
default:
r_data <= {16°h0000, vec_out_reg};
endease

assign rd_data = r_data;
endmodule
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module reg_reset
¢
input logic clk, reset,
input  logic [7:0] d,
output logic [7:0] q
%

// body
always_ff 0(posedge clk, posedge reset)
if (reset)

q <= 0;
else
q <= a3

endmodule
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module and_nonblock
«
input logic a, b, o,
output logic y
)i

always_comb
begin
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module mod_m_counter
#(parameter N=10) // mod-M
£
input logic clk, reset,
output logic max_tick,
output logic [$clog2(M)-1:
);

localparam N = $clog2 (M) ;
//signal declaration
logic [N-1:0] r_reg;
logic [N-1:0] r_next;

// body

// register
always_ff @(posedge clk, posedge reset)

if (reset)
T_Teg <= 0;
else
r_reg <= r_next;

// mest—state logic

assign r_next = (r_reg==(M-1)) 7 0 : r_reg + 1;
// output logic
assign q = r_reg
assign max_tick = (r_reg==(M-1)) ? 1°bl : 1°b0;

ailiodale
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module eqi_non_block
«
input logic 10, i1,
output logic eq
)i

logic p0, p1;

always_comb
// the order of statements is not important

begin // Plentry pi;
PO Ti0 & "i1; // pOdeserred
PL <= 30 & 415 // placforres

PO | P1;  // edeferred = plentry | plentry
end // €4 = eQaeserred; p0 = plaeserred; P = Pldeferred;
endmodule
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‘timescale 1 2s/10 ps

// The ‘timescale dircctive specifies that
7/ the simulation time unit is 1 ns and
7/ the simulator timestep is 10 ps

module bin_counter_tb();

// declaration
localparam  T=205 // clock period
logic clk, reset;

logic syn_clr, load, en, up;
logic [2:0] 4

logic max_tick, min_vick;
logic [2:0]

R
7/ uut instantiation
.
univ_bin_counter #(.N(3)) wut (.%);

PR

7/ clock

7/ 20 ns clock running forever

always
begin
clk = 1015
#(1/2);
clk = 1760
#(T/2);
end

7/ reset for the first half cycle
initial
begin
Teset = 1'b1;
H1/D);
Teset = 17b0;
end

/S SRS RS RS R KRR RS E SER R
7/ other stimulus
P
initial
begin
/S RS RS E R R RS RR R R R
7/ initial input
.
Syn_clr = 1700;
Toad = 17b0;

on = 1700
w = 1°bi; // count wp

a - 37v000;

O(negedge resst); // wait reset to deassert
@(negedge clk); // wait for one clock

e S

// test load
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always @(posedge clk)
begin // bentry = b

a <= b; // aeervea = bentry
end // @ = Geferrea

always @(posedge clk)
begin // Gentry = @

b <= // bacserrea = tentry
end // b = bacgerrea
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void adc_check(XadcCore *adc_p, GpoCore #led_p) {
double reading;
int m, i
uinti6_t raw;

for (i=0; i<5; iv) {

// display 12-bit channel 0 reading in LED

Taw - adc_p->read_raw(0);

rav = raw >> 4;

led_p->write(raw);

// display on—chip sensor and 4 channels in console

uart.disp("FPGA vec/temp: ");

reading - adc_p->read_fpga_vec();

uart.disp(reading, 3);

uwart.disp(" / ");

reading - adc_p->read_fpga_temp();

uart.disp(reading, 3);

uart.disp("\n\r");

for (n = 0; n < 4 n+) {
vart.disp("analog chanmel/voltage: ");
wart.disp(n);
wart.disp(* / *);
roading - adc_p->read_adc_in(n);
vart.disp(reading, 3);
wart.disp("\n\r");

Y // end for

sleep_ns (200);
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module free_run_bin_counter
#(parameter N=8)
(
input logic clk, reset,
output logic max_tick,
output logic [N-1:0] q
);

//signal declaration
logic [N-1:0] r_reg;
logic [N-1:0] r_next;

// body

// register
always_ff @(posedge clk, posedge reset)

if (reset)
r_reg <=
else
r_reg <= r_mext;

// mest—state logic

assign r_next = r_reg +
// output logic
assign q = r_re
assign max_tick = (r_reg==2xxN-1) 7 1’b1

endmodule

1°b0;
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// first block
always_comb
y=a+b;
// second block
always_comb

yin acs
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module univ_bin_counter

#(parameter N=8)

(

input logic clk, reset,

input logic syn_clr, load, em, up,
input logic [N-1:0] d,

output logic max_tick, min_tick,
output logic [N-1:0] q

)i

//signal declaration
logic [N-1:0] r_reg, r_mext;

// body
7/ register
always_ff @(posedge clk, posedge reset)
if (reset)
r_reg <= 0; [/
else
r_reg <= r_nmext;

// mezt—state logic
always_comb
if (syn_clr)

T_next = 0;
else if (load)
T_next = d;
else if (en & up)
r_next = r_reg + 1;
else if (en & “up)
r_next = r_reg - 1;
else
T_next = r_reg;

// output logic
assign q = r_reg;
assign max_tick =
assign min_tick

2%xN-1) 7 1°b1 : 17b0;
0) 7 1°b1 : 17b0;

endmodule
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module eql_block
«
input logic 10, i1,
output logic eq
)i

logic p0, p1;
always_comb

// the order of statements is
hegin

0 = i0 & it
pLo=d0 & it
oq = 50 | pt;

end

e R e

important
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casez (s)

3biti: y = 17b1;

3'b177: y = 17b0;

default: y = 1'b1; // y gets 1 for unspecificd values
endcase
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logic [2:0] s

casez (s)

3bi11: y = 17b1;
37b177: y = 17b0;
37b000: y = 17b1;

endcase
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module prio_encoder_casez
¢
input logic [4:1] 1,
output logic [2:0] y
b

always_comb,

casoz ()
$p1777: 3 = 3701005
$B0177: y = 3'bOLL;
B0017: y = 370010
4700001: y = 3'b001;
47b0000: y = 37b000; // default can also be
endease

endmodule

used
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module prio_encoder_case
¢
input logic [4:1] r,
output logic [2:0] y
i

always_comb,
caso(r)

47b1000, 47b1001, 47b1010, 47bi011,
47b1100, 47biio1, 47biilo, 47biil

¥ = 3'b100;
4700100, 47b0101, 47b0110, 47bO11
¥ = 3b011;
4700010, 47b0011:
¥ = 37b010;
4700001 :
¥ = 37b001;
470000 // default can also be used
¥ = 375000;
endease

s TR
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module decoder_2_4_case
¢
input logic [1:
input logic en,
output logic [3:0] y
%

always_comb,
case ({en,a})
37000, 37b001, 3'b010, 37bOii:

3b1000 y - 47000015
3b101: y - 47b0010;
3bi10: y = 47b0100;
3bi11: 3 = 47b1000; // default
ondcase

endmodule

¥ = 4750000;

can also be used
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case [case_expr]
[iten]:

begin
[procedural
[procedural

end
[iten]:
begin
[procedural
[procedural

end
[iten]:
begin
[procedural
[procedural

end
default :
begin

[procedural
[procedural

end
endcase

statement];
statement];

statement];
statement];

statement];
statement];

statement];
statement];
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module decoder_2_4_1if
¢
input logic [1:0] a,
input logic en,
output logic [3:0] y
)

always_comb.

if (en==1b0) // can be written as (“en)
¥ = 4760000;
else if (a==27b00)
¥ = 4760001 ;
else if (a==2'b01)
¥ = 47b0010;
else if (a==2'Db10)
¥ = 4b0100;
alse
¥ = 4b1000;

endmodule
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module prio_encoder_if
¢
input logic [4:1] r,
output logic [2:0] y
%

always_comb.

if (r[al)
¥ = 3'b100;
else if (r[al)
y = 37b011;
else if (r[21)
y = 30010;
else if (r[11)
¥ = 37b001;
else
¥ = 370000;

el
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if [boolean_expr_1]
else if [boolean_expr_2]
else if [boolean_expr_3l
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if [boolean_expr]
begin

[procedural

[procedural

end
else
begin
[procedural
[procedural

end’

statement];
statement];

statement];
statement];
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create_clock -add -name sys_clk_pin -period 10.00
-waveforn {0 5} [get_ports {clk}];
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(b) ASM chart

(a) State diagram
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typedef enum logic [2:0]
{s0-37b001, s1-3’b010, s2-37b100} state_type;





OEBPS/Images/image00538.jpeg
input

clk

Mealy

[ A=
state | state_next I statereg
i register| Moore

logic

Mealy
output

Moore
output





OEBPS/Images/image00539.jpeg
slz(e name
alue
logic expression /e = vzlu=>\ /&g‘(w"““’” mesvalue
tootherstate  to otherstate
(2) Node
mo: Moore output
me: Mealy output
stateentry

7 1
state /—T— state box
name |

mo=value

|

|

|

e
|

;

N i

N\ extwootherasn \_ exctootherasu

block block
(b) ASM block





OEBPS/Images/image00520.jpeg
oIy
o —
o —rm—

hex_to_Tseg
decoder

ssegl6:0]

anext areg
" —d a Q_regli7:16

ek

P ——— ] G
T 2104 »
resee decodr






OEBPS/Images/image00641.jpeg
module wire_demo_wrong
#(parameter W = 8)

«
output wire y_wire_type

)

always_comb begin

y-¥ire_type = a + b; // wire type not allowed
end
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module disp_hex_mux
«
input logic clk, reset,
input logic [3:0] hex3, hex2, hext, hex0, // her digits
input logic [3:0] ap_in, // % decimal points
output logic [3:0] an, // enable
output logic [7:0] sseg // led segments
3

// constant declaration
// refreshing rate around 800 Hz (50 Mik/2°16)
localparam ¥ = 18;

// internal signal declaration

logic [N-1:0] q_reg;

logic [N-1:0] g next;

logic [3:0] hex in;

logic dp;

// N-bit counter

/) register
always_ff a(posedge clk, posedge reset)
if (reset)
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module eq2_poor_always

«

input logic [1:0] a, b,
output logic asqb

2
logic 8q0, sqi;

/ comparator 0

always @(a, b)

begin
// the order
Togic tup;
tmp = 17b0;
tmp = top |
tmp = top |
q0 = tmp;

end

// comparator 1
always @(a, b)
begin

// the order

Togic tup;
tmp = 17b0;

tmp = top |
mp |

eqi

end

J/ and circuit

(one=bit comparator)

of statements is important

(alo] & “bloD);
(afo] & b[o]);

(one=bit comparator)

of statements is important

(al1] & “b[1D);
(al1] & b[1D);

assign asqb = aq0  aql;

endmodule
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assign
assign
assign
assign

tmp = 17b0;
tmp = tmp
tmp = tmp
eq = tmp;

30 & "i1);
G0 & i1);
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tmp0 = 1°b0;
tmpt = tmp0 | (“i0 & "i1);
tmp2 = tmpl | (i0 & i1);
cq = tmp2;
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module poor_eql_always
¢
input logic 10,
output logic aq
2

i,

always 610,
begin
// local variable
logic tap;
// the order of statements s

)

declaration

tmp = 1700;
tmp = tap | (10 & “iD);
tap = tap | (i0 & i1);
aq = top

end
endmodule

important
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[variable_name]
[variable_name]

[expression];  // blocking assignment

[expression]; // monblocking assignment
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always @([sensitivity_list])
begin: [optional name]
[optional local variable declaration];

[procedural statement];
[procedural statementl;

end
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module bi_demo (
inout tri bi,

)
assign sig_out = output_expression;
assign some_signal = expression_with sig_in;

// bidirectional /0 pin
assign bi = (dir) 7 sigout : 1’bz;
assign sig_in = bi;
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tri oy

assign y = (0e) 7 a_im : 1’bz;
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reg y_reg_type;
always_comb begin
y_reg_type = a + b;  // reg type ok

end
assign  y_wire_type = y_reg_type;
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q.reg <= 0;
else

q.reg <= qmex;

// nest—state logic
assign q_next = q.reg + 1;

// 2 MSBs of counter to control 4—to—1 multiplering
7/ and to_generate active—low enable signal
always_comb

case (q_reglN-1:N-21)

27000:
begin
an = 4'b1110;
hex_in = hexo;
ap = ap_in(o0l;
end
27001
begin
an = 4'b1101;
hex_in = hext;
ap = ap_inl1];
end
2'p10:
begin

an = 4'b101s;
hex_in = hex2;
ap = dp_inl2];

401115
hex_in = hex3;
ap - dp_in(3l;
end
endeaso

// her to seven—segment led display
always_comb
begin
caso (nex_in)
4700: ssegle
4ni: ssegle
4'm2: ssegle:
4'03: ssegle
4'ma: ssegle
4'm5: ssegle
4'm6: ssegle
4m7: ssegle
4:m8: ssegle
4'm9: ssegle
4'na: ssegle
4'mb: ssegle
a'me: ssegle:
4'nd: ssegle 7750100001 ;
4'ne: ssegle 7750000110
default: sseg[6:0] = 77b0001110; //4 hf
endease
sseg(7] = ap;
ond
i

7751000000 ;
771111001}
7750100100
7750110000}
7750011001 ;
7750010010
7750000010}
771111000
7750000000 ;
7750010000}
7750001000 ;
7750000011}
7701000110}






OEBPS/Images/image00643.jpeg
logic y;

always_comb
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SR SLAp AT _uRECans
¢
input logic clk,
input logic go, clr,
output logic [3:0] a2, di, do
)

// declaration
localparam DVSR = 5000000;

logic [22:0] ms_reg;

logic [22:0] ms_next;

logic [3:0] d2_reg, di_reg, d0_reg;
logic [3:0] d2_mext, di_mext, d0_mext;
logic di_en, a2_en, d0_en;

logic ms_tick, 0_tick, di_tick;

// body
7/ register

always_ff @(posedge clk)

bogin
ms_reg <= ms_mext;
a2 reg <= a2 next;
a1 reg <= di_next;
40 reg <= d0_mext;
end

// mezt—state logic
7/ 0.1 sec tick gemerator: mod—5000000

assign ms_next = (clr || (ms_reg==DVSR &% g0)) 7 47b0

(go) 7 ms_reg + 1

ms_reg;
assign ms_tick = (ms_reg==DVSR) 7 1’bi : 17b0;
// 0.1 sec counter

‘assign d0_en = ms_tick;
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reg signed [7:0] a, sum;
reg signed [3:0] b;
[3:0] c;

sum = a+ b+ c;
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assign do_mext = (clr || (dO_en && dO_

(40_en) 7 d0_reg + 1
40 reg;

assign d0_tick = (d0_reg==9) 7 1'b1

// 1 sec counter

fssign di_en = ms_tick & d0_tick;

assign di_next

ai_en) 7 dl_teg + 1

a1 _reg;
assign di_tick = (di_reg==9) 7 1'b1
// 10 sec counter

fssign d2_en = ms_tick & d0_tick & di_i
assign d2_mext = (clr || (d2_en && d2_

(a2_em) 7 42_reg + 1
a2 reg;
// output logic

assign d0 = do0_reg;
assign ai = di_reg;
assign a2 = 42_reg;

sl

Celr |1 (di_on && d1s

17003

17003

tick;
Teg

2 7

2 7

9) 7

450

470

470
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module exp1
«
input logic clk,
input logic x0, 30, 20,
output logic x3, y3, 23
o7
reg x1, x2, yi, y2, =1, z2;
// attempt 1
always_ff @ (posedge clk)

begin
X1 <= x0;
x2 <= x1;
x3 <= x2;
end

// attempt 2
always_ff @ (posedge clk)

begin
vt o= y0;
¥2 = yi;
¥3 = y2;
end

// attempt 5
always_ff @ (posedge clk)

begin
=1 = 20;
23 = 22;
22 = 215
end

endmodule
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module hex_mux_test
«
input logic clk,
input logic [7:0] sw,
output logic [3:0] an,
output logic [7:0] sseg
3

// signal_declaration
logic [3:0] a, b;
logic [7:0] sum;

// instantiate 7-seg LED display module
disp nex_mux disp_unit
Cclk(clk), .reset(1’b0),
hex3(sum[7:41), .hex2(sum(3:0]), .hex1(b),
ap_in(47b1011), .an(an), .sseg(sseg));

// adder
assign a
assign b =
assign sun

endmodule

nex0(a),
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localparam N = 18;
logic [N-1:0] g_reg;
logic [N-1:0] g_mext;

assign q_next = q_reg + 1
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reg

reg

reg . sum4;

// same width, can be applied to signed and unsigned
suml a + b;

// automatic sign estension

sumd = a + c;
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module stop_vatch_test
¢
input logic clk,
input logic [1:0] bea,
output logic
output logic
2

// signal declaration
logic [3:01 a2, at, do;
// instantiate 7-seq LED display module
disp_hex_mux disp_unit
Cclk(clr), .reset(17b0),
hex3(4750), .hex2(d2), .hexi(di), .hex0(d0),
dp_in(4’b1101), .an(an), .sseg(sseg));
// instantiate stopwatch
Stop_watch_if counter_unit
Celk(elr), .go(balil), .clr(bealol),
42(42), .d41(d1), .d0(d0) );
endmodule
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module stop_watch_if
«
input logic clk,
input logic go, clr,
output logic [3:0] a2, d1, 4o
oF

// declaration
localparam DVSR = 5000000;

logic [22:0] ms_reg;

logic [22:0] ms_next;

logic [3:0] d2_reg, di_reg, d0_reg;
logic [3:0] d2_mext, di_mext, d0_mext;
logic ms_tick;

// body
7/ register
always_ff a(posedge clk)

begin
ms_Teg <= ms_mext;
a2 reg <= d2mext;
direg <= di_mext;
40 reg <= d0_mext;
end

// mezt—state logic
7/ 0.1 sec tick gemerator: mod— 5000000
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assign ms_mext = (clr Il (ms_reg
(go) 7 ms_reg + 1
ms_reg;
VSR) 7 1°b1 : 1700;

DVSR && go)) 7 4°b0

assign ms_tick = (as_re)
// 3-digit bed counter
always_comb
bogin
7/ default: keep the previous value
0_next = d0_rag;
a1 next = di_reg;
42 next = d2_reg;
i (elry
begin
40_next = 4760;
a1lnext = 2700}
427next = 4700}
end
else if (ms_vick)
if (d0_reg 1= 9)
40_next = 40_reg + 1;
elso 7/ reach Xxo
bogin
0_next
if (d1_rog 1= %)
a1 Bext = ai_reg + 1;
elso // reach X99
bogin
a1 next = 47b0;
if (42 rog 1= 9)
a2.mext = d2_reg + 1;
else // reach 999
a2lnext = 47b0;

27005

end
end
end
// output logic
assign 40 = d0_reg;
assign a1 = di_reg;
assign 42 = d2_reg;
endmodule
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module fsn_eg_mult_seg
«
input logic clk, resst,
input logic a, b,
output logic 30, y1
b

// fom state tupe
typedes amm {30, st, s2} state_type;

// signal declaration
State_type state_teg, state_next;

// state register
always_ff a(posedge clk, posedge reset)
if (reset)
state_reg <= 50;
else
state_reg <= state_next;

// mest—state logic
always_comb
caso (state_reg)
501 if (@)
if
state_next = s2;
else
state_next = s
else
state_mext = s0;
st: if (@)
state_next = s0;
else
state_next = si;
s2: state_naxt = s0;
default: state_next
endease

// Moore output logic
assign y1 = (state_reg:

// Mealy output logic
assign 0 = (state_reg:
endmodule
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ERETNY L
¢
input logic cik, reset,
input logic a, b,
output logic 30, y1
»
// fom state tupe
“ypedst emm {20, st, 52} state_types

// signal declaration
State_type state.reg, state_next;

// state register
always_ff @(posedge clk, posedge reset)
if (reset)
state_reg <= s0;
else
state_reg <= state_next;

// mext—state logic and output logic

always_comb
begin
State_next - state_regs // default nest state: the
yi - 0; 77 default output: 0
30 = 1700} // default output: 0
Case (state_rep)
20: bogin
1= bt
if (2
if
bogin
State next
o - bt
ond
olso
statenext - st;
ond
st bogin
Ji- bt
if (2

state_next = s0;
end
s2: state_next = s0;
default: state_next = s0;
endease
end
endmodule
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localparam [1:0] s0 = 2’500,
s1 = 27b01,
52 = 2°b10;
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(b) ASM chart

(a)State diagram
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module edge_detect_moore
¢
input logic clk, reset,
input logic level,
output logic tick

b

J/ fem state wpe
“ypedet enum (zero, edg, ome} state_type;

// signal declaration
State_type state.reg, state_mext;

// state register
always_ff @(posedge clk, posedge raset)
if (reset)
state_reg <= zero;
else
state_reg <= state_next;

// mert—state logic and output logic
always_comb,
begin

state_next = state_teg; // default state: the

tick = 1°b0; 7/ default output: 0

case (state_reg)

if (level)
state_next = edg;

edg
begin
tick = 1b1;
if (level)
state_next = ome;
else
state_next = zero;
end
if (“level)
state_next = zero;
default: state_next = zero;
endease
end
endmodule
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module edge_detect_gate
«
input logic clk, reset,
input logic level,
output logic tick
3

// signal declaration
logic delay.reg;

// delay register
always_ff @(posedge clk, posedge raset)
if (reset)

delay_reg <= 1°b0;
else
delay_reg <= level;
// decoding logic
assign tick = -delay.reg & level;

endmodule





OEBPS/Images/image00549.jpeg
module edge_detect_mealy
¢
input logic clk, reset,
input logic level,
output logic tick

%

J/ fem state wpe
typedet cnum {zero, one} state_type;

// signal declaration
State_type state_teg, state_next;

// state register
always_ff a(posedge clk, posedge reset)
if (reset)

state_reg
else
state_reg <= state_next;

// mert—state logic and output logic

always_comb,
begin
state_next = state_teg; // default state: the
tick = 1b0; 7/ default output: 0
case (state reg)
if (Qevel)
begin

Tick = 17b1;
state_next = ome;
end
if (“1evel)
state_next = zero;
default: state_next = zero;
endease
end
endmodule
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[module_name] [instance_name]
4

.Iport_name] ([signal_namel),

.Iport_name]([signal_namel),
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module eq2
¢
input logic [1:0] a, b,
output logic aegb
)5
// internal signal declaration
logic €0, et;

// body

// instantiate two I—bit comparators
eql eq_bitO_unit (.i0(al0]1), .i1(b[0]), .eq(e0));
eql eq_biti_unit (.eq(el), .i0(al1l), .i1(b[11));

// a and b are equal if individual bits are equal
assign aegb = e0 & el;
endmodule
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module eq2_sop
¢
input logic [1:0] a,
output logic aegb
3

// internal signal declaration
logic p0, p1, p2, P3;

// sum of product terms
assign aeqb = p0 | pt | p2 | p3;
// product terms
assign p0 = (“al1] & "b[1]) & (“al0] & "b[01);
assign p1 = (al1] & "b[1]) & (a[0] & b[01);
assign p2 = (al1] & b[1]) & (“a[0] & “b[01);
assign p3 = (al1] & b[1]) & (al0] & b[O1);
endmodule
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module eqi (i0, i1, eq); // only port names in brackets
// declare mode

input 10, i1;
output eq;

// declare data type
logic 10, i1;

logic eq;
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module [module_name]
«
[mode] [data_type] [port_names],
[mode] [data_type] [port_names],

[mode] [data_typel [port_names]
%,
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module eql

«

input logic i0, it,
output logic eq
)
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logic [31:0] mem [0:3]; // 4—by—32 memory
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logic [7:0] datal, data2; // 8-bit data
logic [31:0] addr; // 32—bit address
logic [0:7] reverse_data; // ascending index should be avoided
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/+ This is comment line 1.
This is comment line 2.
This is comment line 3. */
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// This is a comment.
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module eql
// 1/0 ports
¢

input logic 10, i1,
output logic eq
Vs

// signal declaration
logic p0, pi;

// body

// sum of two product terms

assign eq = p0 | pi;

// product terms

assign p0 = "i0 & “it;

assign pi = 10 & i1;
endmodule
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void frame_check(FrameCore xframe_p) {
int x, y, color;

frame_p->bypass (0);

for (1mt 1 = 0; 1 < 10; 1++) {

frame_p->clr_screen(0x008)
for (imt j = 0; J < 2
x = randQ % 640;
y = ranaO % 480;
color = ramd() % 512;
frame_p->plot_line (400,

// dark green
Fony £

!
sleep_ms (300);

200, x, y, color);

3
sleep_ms (3000);
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output logic eg
¥

// signal declaration
logic po, p1;

// body

// sum of two product terms

assign eq = po | p1;

// product terms

Assign po = "10 & "i1;

assign p1 = 10 & i1;
Sodmednie
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module eq2
«
input logic [1:0] a, b,
output logic aeqp
o

// internal signal declaration
logic 0, e1;

// body

// instantiate two 1-bit comparators
eqt eq_bito_unit (.10(af0]), .11(b[01), .eq(e0));
eqt eq_biti_unit (.eq(e1), .10(al1]), .11(b[11));

// a and b are equal if individual bits are equal
assign aeqd = 0 & ei;
éalmodnie
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module eqi
// 1/0 ports
4
input logic 10, i1,
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module eq2_top
«
input logic [3:0] s,
output logic [0:0] led
)i

// body

// instantiate 2-bit comparator

eq2 eq_unit (.a(sw[3:21), .b(swli:
endmodule

1), .aegdb(led[01));
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module chu_frame_buffer_core
#(parameter CD = 12, // color depth
=9 // frame buffer RAM data width
)
«
input logic clk, reset,
// frame counter
input logic [10:0] x, y
// video slot interface
input logic cs,
input logic write,
input logic [19:0] adar,
input logic [31:0] wr_data,
// stream interface
input logic [CD-
output logic [CD-

0] si_rgp,
:0] so_rgb

// delaration

logic wr_em, wr_pix, wr_bypass;
logic [CD-1:0] osd_rgb;

logic [CD-1:0] frame_rgb;
logic bypass_reg;
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// body
// instantiate osd gemerator
frame_src #(.CD(CD)) frame_src_unit (
.clk(clk), .x(x), .y(y), .addr_pix(addr[18:01),
.vr_data_pix(vr_data[DW-1:01), .write_pix(wr_pix),
.frame_rgb(frame_rgb));
// register
always_ff e(posedge clk, posedge reset)
if (reset)
bypass_reg
clse
if (vr_bypass)
bypass_reg <= wr_davalol;
// decoding
assign wr_en = urite & cs;
assign wr_bypass = wr_em && addr==20RnIffff;
assign wr_pix = wr_em && addr!=20’nIffff;
// stream’ blending: muz
assign so_rgb = bypass_reg 7 si_rgb : frame_rgb;
endmodule
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module frame_palette_9 (
input logic [8:0] color_inm,
output logic [11:0] color_out
ks

// signal delaration
logic [2:0] r_in, g im, b_in;
logic [3:0] r_out, g out, b_out;
// body
assign r_in = color_in[s:6];
assign g in = color_in[5:3];
assign b_in = color_in[2:0];
assign r_out = {r_in, r_in[2]};
assign g_out = {g_in, g in[2]};
assign b_out = {b_in, b_in[2]};
assign color_out = {r_out, g out, b_out};
endmodule
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module frame_src
#(
parameter CD = 12, // color depth
DV =9 // video RAM data width

)
«
input logic clk,
input logic [1
// write port
input logic [18:0] addr_pix,
input logic [DW-1:0] wr_data_pix,
input logic write_pix,

// pizel output

output logic [CD-1:0] frame_rgb
¥

1 x,y, //z-and y-coordinate

// declaration

logic [DW-1:0] ram_rd_out_data;
logic [CD-1:0] comverted_color;
logic [18:0] r_addr;

logic [CD-1:0] frame_reg;

//body
// instantiate video RAM
vga_ram #(.DW(DW)) vram_unit (
_clk(clk),
// write port (to processor)
.we(write_pix), .addr_w(addr_pix([18:01),
.data_w(vr_data_pix [DW-1:01),
// read port (to read pipe)
.addr_r(r_addr), .data_r(ram_rd_out_data)
5
// instantiate palette circuit
frame_palette_9 pallete_unit (
.color_in(ram_rd_out_data), .color_out(converted_color));
// read address = 640sy + z = 512¢y + 128%y +
assign r_addr = {1°bo, y[8:0], 9000000000} +
{37b000, y[8:0], 7°b0000000} + x ;
// 1 clock delay line
always_ff ¢(posedge clk)
frame_reg <= converted_color;
assign frame_rgb = frame_re
endmodule
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class FrameCore {

public:

/+ register map x/

enun {
BYPASS_REG = 0x7ffff

35

/+ video resolution =/

enun {
HUAX = 640, // horizontal resolution
VMAX = 480 // vertical resolution

1

/+ methods +/
FrameCore (uint32_t frame_base_addr);
~Framecore (); // mot used
void wr_pix(imt x, int y, int color
void clr_screen(int color);
void plot_line(int x1, int yi, imt x2, imt y2, int color);
void bypass(int by);

private:
uint32_t base_adar;
void swap(int a, int &b);

3
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FrameCore::FrameCore(uint32_t frame_base_addr) {
base_addr = frame_base_addr;
:

FrameCore::~FrameCore () {}

void FrameCore::wr_pix(int x, int y, int color) {
uint32_t pix_offset;

pix_offset = 640 * y + x;
lo_write(base_addr, pix_offset, color);

return;

03

void FrameCore::clr_screen(int color) {
int x, y;
for (x = 0; x < HMAX; x++)

for (y = 05 y < VMAX; y++) {
wI_pix(x, y, color);
3
return;

void FrameCore
int pass = 0;

bypass (1nt by) {

it (by
pass = 1;

{  //bypass only by is 1

b
lo_write(base_addr, BYPASS_REG, (uint32_t ) pass);
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slope=(float)(y2-y1) / (float)(x2-x1);
for(x=x1; x!=x2; x=x+1){

y = slopex(x-x1) + yi;

wr_pix(x, y, color);
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void FrameCore:
int ax, dy;
int err, ystep, steep;

1f (x0 > x1) {
swap (x0, x1);
swap(y0, y1);

)
// slope is high
steep = (abs(yi - y0) > abs(xi - x0)) 7 1 : 0;
it (steep) {
swap (x0, y0);
swap (x1, y1);
i}
ax = x1 - x0;
ay = aps(y1 - yO);
err = ax / 2;
i (30 < y1) €
ystep = 1;
3 else {
ystep = -1;

3 X0 <= xi; x044) {

1t (steep) {
WI_pix(y0, X0, color

} else {

WI_pix(x0, yO, color);

b

err = err - dy;

1t (err < 0) {
yO = yo + ystep
err = err + dx;

b
b
b
void FrameCore::swap(int &a, int &b) {
int tmp;
tmp

:plot_lime(int x0, int yO, imt xi, imt yi,

int color)
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module chu_video_controller (
input logic video_cs,
input logic video_wr,
input logic [20:0] video_addr,
input logic [31:0] video_wr_data,
// MM frame buffer interface
output logic frame_cs,
output logic frame_wr,
output logic [19:0] frame_addr,
output logic [31:0] frame_wr_data,
// MM video core slot interface
output logic [7:0] slot_cs_array,
output logic [7:0] slot_mem_wr_array,
output logic [13:0] slot_reg_addr_array [7:0],
output logic [31:0] slot_wr_data_array [7:0]
o8

// declaration
logic [2:0] slot_addr;
logic [13:0] reg_addr;






OEBPS/Images/image00967.jpeg
logic [7:0] slot_cs_tmp;
logic [31:0] slot_rd_data_array [63:01;

// body
assign slot_addr - video_addr [16:14];

assign reg_addr - video_addr[13:0];

assign frame_cs = video_cs & video_addr [20];
assign slot_cs = video_cs & ~video_addr [20];

// address decoding
always_comb
begin
slot_cs_tmp = 0;
if (slot_cs)
slot_cs_tmp[slot_addr] = 1;
end
assign slot_cs_array = slot_cs_tap;
// frame buffer
assign frame_addr - video_addr[19:0];
assign frame_wr - video_wr;
assign frame_wr_data - video_wr_data;
// broadcast to all video slots
generate
genvar i;
for (i=0; i<8; i=i+1) begin
assign slot_mem_wr_array[il = video_ur;
assign slot_wr_data_array[il = video_wr_data;
assign slot_reg_addr_arraylil = reg_addr;
end
endgenerate
endmodule
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FACINA Trmme. Coanker
#(parameter HMAX = 640, // maz horizontal count
VMAX = 480  // maz vertical count

input logic clk,
input logxc reset,
To| <

0:0]
i e out Mot
logic frame_end

// signal declaration
lnglc [10 0] he. e he_mext;
: . ve_mext;

'/ body
7/ horizontal and vertical pizel counters
// register
Sways it @Cposciligs <ik; poesdign ansh
if (reset) begin
ve_reg <= 0;

0;

ho_reg

eng
else if (sync_clr) begin
]
ee

end
// nest—state logic of horizontal counter
always_comb

if (in

else
he_mext - he_reg;
// mest—state logic of vertical counter
always_comb
if (inc (n: reg
if (vm oY

// output
assign heount = he
Saien vedeet o ag
e o v
assign nd - ve_r

e Y

0 && hc_reg==0;
VMAX-1) && hc_rej

g

HMAX 1) ;
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‘timescale 1 ns/10 ps

module eq2_testbench;
// signal_declaration
reg [1:0] test_in0, test_imi;
wire test_out;

// instantiate the circuit under test
eq2 wut
(.a(test_in0), .b(test_in1), .aegb(test_out));

// test vector gemerator

initial

begin
// test vector 1
Test_1n0 = 27b00;
test_int = 27b00;

+ 200;
// test wector 2
Test_in0 = 27b01;
test_ini = 2750
# 200;

// test wector 3
Test_in0 = 27b01;
test_ini = 2'bil;

# 200;
// test veetor 4
Test_in0 = 27b10;
test_ini = 2710;
+ 200;

// test wector 5
Test_in0 = 27b10
test_ini = 2750
+ 200;

// test wector 6
Test_in0 = 27bi1;
test_ini = 27bil;
+ 200;

// test wector 7
Test_in0 = 27b11;
test_ini = 27b01;
# 200;

// stop simulation
$stop;

end
endmodule
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// body
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#(parameter CD= 12) // color depth
«

eset,

logic clk
Vi s input
input logic[CD-1:0] vga_si_rgh,
// to vga monitor
nmpm logic hsync, vsync,
ou AugiclGh .ol =iy
// /mm counter output
output logic[10:0] he, ve
o

/i cnl aram declaration
540 by 4817 e parene
// horizontal display arca
/ h. fromt porch
7/ b back
3 ey
nmnnnmnn ) hzineghlicliukol (RAY)

param VD - 480; // vertical d:splay
localparam VF = 10; front porch
localparas back por.
localparam

ertical total (525)

localparam VT
// signal Ceiairing
logi 101 eg;

L%

,m.

ogic [10:0]

ToEts o IC Siwen, s gAY
agld Eayne tor, s

logic [CD-1:0] rgh

// 4 to gemerate 25M-Hz tick
nlways ﬂ' n(pusedge clk)

2'b11) 7 1 : 0:
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IT), .VMAX(VT)) frame_unit
et)

), .veount(y), .inc(tick_25M),
a

+HR-1))) 7 0

¥
// vertical sync decoding
assign vsync_i = ((y>=(VD+VF)) &k (y<=(VD+VF+VR-1))) 7

°

13

assign video_on_i = ((x < HD) &k (y < VD)) 7 1: 0;
7/ bgrvea Beimis o sy Tt
nway g o( osedge 1) e

e

/ black when display off

end
// output
assign hsync
el e
assign rgb -
Hign e
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parameter CD = 12)  // color depth

nuLpllL lnglc hsync, vsyn
LoD 1:01 2gb 3
// logic [CD—1:0] declaration
lnglc [10 01 he, v
gic [CD- ar_rgb, back_rgh, gray_rgb, color_rgh, vga_rgh;
- ypass_bar, bypass_gra;

ody
use switches to set background color
sign back. fop = swl13:2];

swltl;

Cx(he), .y(ve), .bar_rgh(bar_rgb));
// instantiate color—to—gray comversion circuit

(.color_rgb(color_rgh), .gray_rgb(gray_ rgb)),
o #(
(.clk(clk), .reset(0), .vga_si_rgb(vga_rgh),
.hsync(hsync), .vsync(vsync), .rgh(rgh), .hc(hc), .ve(ve));
#1
assign color_rgb - (bypass_bar) 7 back_rgb : bar_rgh;

// video source selection muz
assign vga_rgb - (bypass_gray) ? color_rgb : gray_rgh;
T N
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end // else
end // always
// output

assign bar_rgb
NS o, S

b};
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input logic [11:0] color_rgb,

output logic [11:0] gray_rgb);

// localparam declaration

localparam RW = 8°h35; // weight for red

locnlparnm GW = 8°mbE // wzlghl For green
localparam BW = 8°h12; // weight for blue
,ngﬂ.ul declaration

logic [3:0] r, g, b, gray;

logic [11:0] gray12;

X7

n grayi2 ¥+ b e BN
gn gray = gxayl][]l e].
ey reb - {gray, gray, gray};
e
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// register

always_ff 0(posedge clk, posedge reset)

filter_reg <= filter_mext;

// 1=bit shifter
assign filter_next
// Tlilter”
assign f_ps2c_next

{ps2c, filter_regl7:11};

(filter_reg==8’b11111111) 7 1’'b1

(filter_reg
£_ps2c_reg;

7500000000 7 1’b0
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module vga_sync
#(parameter CD= 12)  // color depth
«
input logic clk, reset,
// stream input
input logic[CD:0] vga_si_data, // colortstart
input logic vga_si_valid,
output logic vga_si_ready,
// to vga monitor
output logic hsync, veync,
output logic [CD-1:0] rgb
b

// localparam declaration
7/ vga 640-by—480 sync parameters

localparam HD = 640; // horizontal display area
localparam HF = 16;  // h. fronmt porch

localparam HB = 48;  // h. back porch

localparam HR = 96;  // h. retrace

localparam HT = HD+HF+HB+HR; // horizontal total (800)
localparam VD = 480; // vertical display area
localparam VF = 10;  // v. fronmt porch

localparam VB = 33;  // v. back porch

localparam VR // v. retrace

localparam VT = VD+VF+VB+VR; // vertical total (525)
// fsm_state type

typedef enum {frame_sync, disp} state_type;

// signal declaration
State_type state_reg, state_mext;
logic vga_st_in_start;

logic [CD-1:0] vga_st_in_color;
logic [10:0] x, y;

logic hsync_i, vsync_i, video_on_i;
logic scan_end;
logic vsync_reg, hsync_reg;
logic [CD-1:01 rgb_reg;
logic vga_si_ready_i;

// body
assign vga_st_in_start = vga_si_datal0];
assign vga_st_in_color = vga_si_datalCD:1l;
S TSR ST
// instantiate frame counter
S SO STTTSDITST
frame_counter #(.HMAX(HT), .VMAX(VD)) counter_unit
(.clk(clk), .reset(reset),
.sync_clr(0), .hcount(x), .vcount(y), .imc(1),
.frame_start(), .frame_end(scan_end));
/R AR R R KRR R R R ARSI E R R R T
// horizontal and vertical sync
O OO ST,
// horizontal sync decoding
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module bram_fifo_fpro

# (parameter D¥=13) // — # data width (bits per word

«

input logic reset,
// read port

input logic clk_ra, /
output logic empty, b7
output logic almost_ezpty,  //
input logic rd_ack, 7
output logic [D¥-1:0] rd_data, //

// write port

input logic ciksr, /7
output logic full, 7
output logic almost_full, 7
input  logic wr_en, Vi
input logic [Di-1:0] vr_data, //
// occupancy of fifo

output logic [9:0] rdcownt,  //

10-18)

read clock
read port empty

read port almost empty
read acknouledge

read data

write clock
write port full

write port almost full
write enable

write data

read count

output logic 1 wrcount 7/ write count
i

// zilinz macro instantiation

FIFO_DUALCLOCK_MACRO #(

. ALNOST_EMPTY_OFFSET(9°h080),  // st the almost empty threshold
- ALMOST_FULL_OFFSET (971080) , 7/ set almost full threshold
_DATA_WIDTH(DW), // 1-72 for 15Kb / 37-72 for 36Kb
_DEVICE ("TSERIES™), 7/ target device: "7SERIES”
.FIFO_SIZE ("18Kb"), / target BRAM: "1sKb™ or "36Kb"

_FIRST_WORD_FALL_THROUGH ("TRUE")

bram_fifo_unit (

.RST(reset),
// read port

"RDCLK(clk_rd)
.D0(rd_data),
“RDEN (rd_ack) ,
-EMPTY (empty) ,

- ALMOSTENPTY (almost_smpty) ,
_RDCOUNT (rdcount) ,

_RDERRO),

7/ write’ port

LWRCLK(clk_vr)
“DI(ur_data),
LWREN (vr_en) ,
CFULL(full),

- ALMOSTFULL (almost_full),
_WRCOUNT (wrcount) ,

LWRERRO)

5

damodule

// read clock
7/ read data out
7/ remove word from head

7/ fifo empiy

// read error

// write clock
7/ write data in
7/ write enable

7/ fifo

Jull

// write error
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module 1line_buffer
#(parameter CD = 12)  // color depth
«
input logic clk_stream_in,
input logic clk_strean_out,
input logic resst,
// siream in_(sink)
input logic[CD:0] si_data, // color+start
input logic si_valid,
output logic si_ready,
// stream out (source)
output logic[CD:0] so_data, // color+start
output logic so_valid,
input logic so_ready

// constant_declaration

localparam D% = CD + 1; // data width=colors+start
// signal_delaration

logic almost_full, empty;

logic fifo_wr_en, fifo_rd_ack;

logic [9:0] rdcount, wrcount;

// instantiate dual—clock fifo
bram_fifo_fpro #(.DW(DW)) lime_fifo_unit
¢

reset(reset),
7/ read port
Clk_rd(clk_sirean_out),
rd_data(so_data),
rd ack(fifo_rd_ack),
empty (empty)
almost_empty ),
rdcount (rdcount) ,
7/ write port
Clk_ur(clk_strean_in),
vr_data(sidata),
vr_en(fifo_vr_em),
10,
2lmost_full(almost_full),
wrcount (wrcount)
b
// stream interface signals
assign fifo_vr_en = si_valid;
assign si_ready = ~almest_full;
assign so_valid = ~empty;
assign fifo_rd_ack = so_ready;
endmodule
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else begin

state_reg <= state_next;
n_reg <= n_next;
blreg <= b mext;

end

// nezi-state logic
always_comb
bogin
state_next = state_reg;
rx_idle = 1'00;
rx_done_tick = 1'b0;
n_mext = n_reg;
bmext = b_reg;
case (state_reg)
1dla: bogin
x_idle = 17015
if (fall_edge & rx_en) begin
// shife in start bit

b_next = {ps2d, b_reg[10:1]
n_next = 47b1001;
state_next = dps;

ond

end

aps: // & data + 1 parity + 1 stop
if (fall_sage) begin
b_next = {ps2d, b_reg[10:1]
if (n_reg==0)
state_next = load;
else
n_next = n_reg -
end

default: begin // 1 estra clock to complete last shift
state _next = idle;
Ix done.tick - 17b1;
ond
ondease
ond
77 output
assign dowt - boreg(sitl; S/ data bits
T et





OEBPS/Images/image00988.jpeg
‘include "chu_io_map.svh"
module video_sys_daisy
#(

parameter CD = 12, // color depth

parameter VRAM_DATA_WIDTH = 9 //frame buffer data width
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input logic clk_sys,

input logic clk_25M,

input logic reset_sys,

// FPro bus

input logic video_cs,

input logic video_ur,

input logic [20:0] video_addr,
input logic [31:0] video_wr_data,
// to vga monitor
output logic vsync, hsync,
output logic [11:0] rgb

// costant declaration

localparam KEY_COLOR = 0

// signal delcaration

// video data_ stream

logic [CD-1:0] frame_rgb8, bar_rgh7, gray_rghé,
logic [CD-1:0] userd_rgbd, ghost_rgh3, osd_rghb?,
logic [CD:0] line_data_in;

// frame counter

logic inc, frame_start;

logic [10:0] x, y;

// delay line

logic frame_start_di_reg, frame_start_d2_reg;
logic inc_di_reg, inc_d2_reg;

// frame interface

logic frame_wr, frame_cs;

logic [19:0] frame_addr;

logic [31:0] frame_wr_data;

// video core slot interface

logic [7:0] slot_cs_array;

logic [7:0] slot_mem_wr_array;

logic [13:0] slot_reg_addr_array [7:01;
logic [31:0] slot_wr_data_array [7:01;

// 2-stage delay line for start signal

always_ff 0(posedge clk_sys) begin
frame_start_di_reg <- frame_start;
frame_start_d2_reg <= frame_start_di_reg;
inc_di_reg <= inc;
inc_d2 reg <= inc.di_reg;

end

// instantiate frame counter
frame_counter #(.HMAX(640), .VMAX(480)) frame_co
(.clk(clk_sys), .reset(reset_sys),
-sync_clr (0), .inc(inc), .hcount(x), .vcount
.frame_start (frame_start), .frame_end());
// instantiate video decoding circuit
chu_video_controller ctrl unit (
“video_cs (video_cs),
.video_wr (video_wr),
.video_addr (video_addr),
.video_ur_data(video_wr_data),
.frame_cs (frame_cs),
.framo_wr (frame_wr),
. frame_addr (frame_addr),
.frame_ur_data(frame_vr_data),
.slot_cs_array(slot_cs_array),

userb_rght;
mousa_rghi;

unter_unit

.
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assign hsync_i = ((x>=(HD+HF)) &k (x<=(HD+HF+HR-1))) 7 0 : 1;
// vertical sync decoding
assign veync_i = ((y>=(VD+VF)) && (y<=(VD+VF+VR-1))) 7 0 : 1;
// display on/off
assign video_onli = ((x < HD) && (y < VD)) 7 1: 0;
[ PO S ee SRS SIS
7/ buffered output to vga monitor
Y N O NS ST SPSS
always_ff 0(posedge clk) begin
vsync_reg <= vsync_i;
hsync_reg <= hsync_i;
if (video_on_i)
rgb_reg <= vga_st_in_color;
else
rgb_reg <= 0;  // black when display off

end
D S P
7/ FSM to synchronize data for each frame
O D ST S S DTSSR
// state register
always_ff 0(posedge clk, posedge reset)
if (reset)
state_reg <= frame_sync;
else
state_reg <= state_mext;
// mezt—state/output logic

always_comb

begin
state_next = state_reg; // default nest state: the same
vga_si_ready_i = 1’b0; // default output: 0

case (state_reg)
frame_sync: begin
// wait for end of current scan (end of u/h retrace)
if (scan_end) begin
if (vga_st_in_start)

state_next = disp;
else
state_next = frame_sync;

end
// flush out partial frame fragment
7/ (due to corruption or incorrectly formed long packet)
if (“vga_st_in_start)
vga_si_ready_i = 17b1;
end
default: begin // disp state
// resync when reaching end of the displayable data
i ((x--HD-1) &k (y==VD-1))
state_next - frame_sync;
if (video_on_i)
vga_si_ready_i = 17b1;

end
endease

end

// output

assign hsync = hsync_reg;

assign vsync = veync_reg;

assign rgb - rgb_re,
assien vea si readv
assign vga_si_ready
endmodule

vea si readv i:
vga_si_ready_i;
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module ps2rx
«
input logic clk, resst,
input logic ps2d, ps2c, rx_en,
output logic rx_idla, rx_done_tick,
output logic [7:0] dout

// fsm state type
“ypedet enum {idle, dps, load} state_type;

// declaration
State_type state_reg, state_next;
logic [7:0] filter_reg;

logic [7:0] filter_next;

logic f_ps2c_reg;

logic f_ps2c_next;

logic [3:0] n_reg, n_next;

logic [10:0] b_reg, b_next;
logic fall_adga;

// body
7/ filter and falling—edge tick generation for ps2c
always_ff (posedge clk, posedge resat)
if (raset) begin
filter_reg <
£_ps2c_reg <
end
else begin
filter_reg <= filter_mext;
£ ps2c_reg <- f_ps2c_mext;
end

assign filter_next
assign f_ps2c_next

tps2c, filver_reg(7:11};
(f1lter_reg==3’bi1111111) 7 1b1
(f11ter_reg==5’b00000000) 7 1’b0
_ps2c_reg
assign fall_odge = f_ps2c_teg & ~f_ps2c_next;
)
77/ state & data registers
always_ff a(posedge clx, posedge reset)

if (reset) begin

state_reg <= idle;
n_reg <= 0;
b_reg <= 0;

il





OEBPS/Images/image00987.jpeg
library ieee;
use icee.std_logic_1164.all;
entity chu_vga_sync_core is
module chu_vga_sync_core

#(parameter CD = 12)

¢

input logic clk_sys,

input logic clk_25M,

input logic reset,

// video slot interface

input logic cs,

input logic write,

input logic [13:0] addr,

input logic [31:0] wr_data,

input logic [CD:0] si_data,
input logic si_valid,
output logic si_ready,

// to vga monitor

output logic hsyac, veync,
output logic [CD-1:0] rgb

DR

// signal delaration
logic line_so_valid, vga_si_ready;
logic [CD:0] line_so_data;

// body
// instantiate line buffer
line_buffer #(.CD(CD)) lime_umit (
.reset (reset),
.clk_stream_in(clk_sys),
.clk_stream_out (clk_25M),
.si_data(si_data),
.si_valid(si_valid),
.si_ready(si_ready),
.so_data(line_so_data),
_so_valid(line_so_valid),
.so_ready(vga_si_ready)
)
// instantiate vga controller
vga_sync #(.CD(CD)) sync_umit (
~clk(clk_25M),
.reset (reset),
.vga_si_data(line_so_data),
.vga_si_valid(line_so_valid),
.vga_si_ready(vga_si_ready),
-hsync (hsync) ,
_vsync (vsyne) ,
.rgb(rgh)
i

endmodule
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logic f_ps2c_reg;
logic f_ps2c_next;

logic [3:0] n_reg, n_next;
logic [8:0] b_reg, b_mext;
logic [12:0] c_reg, c_next;
logic par, fall_edge;

logic ps2c_out, ps2dout;
logic tri_c, tri_d;

// body

7/ filter and falling—cdge tick generation for ps2c
always_ff 6(posedge clk, posedge reset)
if (reset)

begin

filter_reg <= 0;
£_ps2c_reg <= 0;
end
else
bogin

filter_reg <- filter_next;
t_psac_reg <= f_ps2c_mext;
end

tps2c, filver_regl7:11};
(filter_reg==8’bi1111111) 7 1b1
(f11ter_reg==5’b00000000) 7 1’b0
1_ps2c_reg;
assign fall_edge = f_ps2c_teg & -f_ps2c_next;
)
7/ state & data registers
always_ff a(posedge clx, posedge reset)

if (reset) begin

state_reg

assign filter_next
assign f_ps2c_next

1dle;

else begin
state_reg <= state_next;
c_reg <= c_next;
n_reg <= m_next;
b_reg <= b next;
end
// odd parity bit
assign par = ~("din);
// mezt—state logic
always_comb,
begin
state_next = state_reg;
c_mext = c_reg;
n_next = n_reg:
blnext = b_reg;
tx_dome_tick = 1°b0;
ps2c_out = 17b1;
ps2d_out = 17b1}
tric = 1700;
trid = 17b0;
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.slot_men_ur_array(slot_men_wr_array),
-slot_reg_addr_array(slot_reg_addr_array),
-slot_wr_data_array(slot_wr_data_array)

%

// instantiate frame buffer
chu_frame_buffer_core #(.CD(CD), .DW(VRAM_DATA_VIDTH)) buf_unit (

Celk(clk_sys),

_reset(raset_sys),

x,

Y,

_cs(frame_cs),

_urite(frame_vr),

-addr (frame_addr),

_ur_data(video_wr_data),

.51 _rgb(1270008), // blue screen

_so_rgb(frame_rgb8)

%

// instantiate bar gemerator
chu_vga_bar_core v7_bar_unit (
~clk(clk_sys),
.reset(reset_sys),
x(x),
Y,
.cs(slot_cs_array [‘V7_BARD),
.write(slot_mem_wr_array[‘V7_BARD),
-addr (slot_reg_addr_array[‘V7_BAR]),
.wr_data(slot_vr_data_array[‘V7_BARD),
.si_rgb(frame_rgh8),
-so_rgh(bar_rgb?)
¥
// instantiate rgb—to—gray gemerator
chu_rgb2gray_core v6_gray_unit (
~clk(clk_sys),
.reset(reset_sys),
.cs(slot_cs_array [‘V6_GRAY]),
.write(slot_mem_wr_array[‘V6_GRAY]),
.addr (slot_reg_addr_array [‘V6_GRAYI),
.wr_data(slot_vr_data_array[‘V6_GRAYD),
.si_rgb(bar_rgb7),
.so_rgb(gray_rgh)
b
// instantiate dummy unit (place holder for st user defined unit)
chu_vga_dummy_core vb_user_unit (
~clk(clk_sys),
.reset(reset_sys),
.cs(slot_cs_array [‘V5_USERS),
.write(slot_mem_wr_array[‘V5_USERSD),
.addr (slot_reg_addr_array [‘V5_USERS]),
.wr_data(slot_vr_data_array[‘VE_USERS]),
.si_rgb(gray_rght),
_so_rgb(userb_rgbs)
bl
// instantiate dummy unit (place holder for 2nd user defined unit)
chu_vga_dummy_core v4_user_unit (
~clk(clk_sys),
.reset(reset_sys),
.cs(slot_cs_array [‘V4_USER4I),
.write(slot_mem_wr_array[‘V4_USER41),
.addr (slot_reg_addr_array [‘V4_USER4]),
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module ps2tx
«
input logic clk, resst,
input logic wr_ps2, rxlidle,
input logic [7:0] ain,
output logic tx_idle, tx_done_tick,
inout tri ps2d, ps2c
9

// fsm state tpe
“ypedet enum {idle, waitr, ris, start, data, stop} state_type;

// declaration
State_type state_reg, state_mext;
logic [7:0] filter_reg;
logic [7:0] filter_mext;
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vr_data(slot_wr_data_array[‘V4_USER4D),
.si_rgb(users_rgbs),
.so_rgb(userd_rght)
¥
// instantiate ghost sprite
chu_vga_sprite_ghost_core
#(.CD(CD), .ADDR_WIDTH(10), .KEY_COLOR(KEY_COLOR))
v3_ghost_unit (
~clk(clk_sys),
.reset(reset_sys),
X,
(),
.cs(slot_cs_array [‘V3_GHOSTD),
.urite(slot_mem_wr_array[‘V3_GHOSTI),
.addr (slot_reg_addr_array [V3_GHOST]),
.wr_data(slot_vr_data_array[‘V3_GHOSTI),
.si_rgb(userd_rghd),
.so_rgh(ghost_rgh3)
)
// instantiate osd
chu_vga_osd_core#(.CD(CD), .KEY_COLOR(KEY_COLOR)) v2_osd_unit (
~clk(clk_sys),
.reset(reset_sys),
A
(¥,
.cs(slot_cs_array[‘V2_0SD1),
.urite(slot_mem_wr_array[‘V2_0SD1),
-addr (slot_reg_addr_array [V2_0SD1),
.ur_data(slot_vr_data_array[‘V2.05D1),
.si_rgb(ghost_rgb3),
.so_rgb (osd_rgb2)
b
// instantiate mouse sprite
chu_vga_sprite_mouse_core
#(.CD(CD), .ADDR_WIDTH(10), .KEY_COLOR(KEY_COLOR))
vi_mouse_unit (
-clk(clk_sys),
.reset(reset_sys),
x(),
(¥,
.cs(slot_cs_array [‘Vi_NOUSED),
.urite(slot_mem_wr_array[‘Vi_MOUSEI),
-addr (slot_reg_addr_array [V1_MOUSED),
.wr_data(slot_vr_data_array[‘Vi_MOUSED),
.si_rgb(osd_rgb2),
.so_rgb(mouse_rghl)
¥
// merge start signal to rgb data stream
assign line_data_in - {mouse_rghbl, frame_start_d2_regl;
// instantiate sync_core
chu_vga_sync_core #(.CD(CD)) vO_vga_sync_unit (
~clk_sys(clk_sys),
-c1k_25M (clk_25M) ,
.reset(reset_sys),
.cs(slot_cs_array [‘VO_SYNC]),
.urite(slot_mem_wr_array[‘VO_SYNCI),
.addr (slot_reg_addr_array [VO_SYNCI),
.wr_data(slot_vr_data_array[‘VO_SYNCI),
.si_data(line_data_in),
.si_valid(inc_d2_reg),
.si_ready(inc),
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-hsync (hsync),
.vsync(vsyne),
.rgb(rgh)

);
it
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#ifndef _I2C_CORE_H_INCLUDED
#define _I2C_CORE_H_INCLUDED

#include "chu_init.h"

class I2cCore

{
enum {
DVSR_REG = 0,
WR_REG 1,
RD_REG o
};
/+ command to i2c controller %/
enum {
I2C_START_CMD = 0x00<<8,
12C_WR_CMD 0x01<<8,
12C_RD_CMD 0x02<<8,
I2C_STOP_CMD = 0x03<<8,
I2C_RESTART_CHMD = 0x04<<8
Y
public:

12cCore (uint32_t core_base_addr);
“I2cCore )
void set_freq(int freq);
int ready();
void start();
void restart();
void stop();
int write_byte(uint8_t data);
int read_byte(int last);
int read_tramsaction(uint8_t dev, uint8_t *bytes, int mum, int repeat);
int write_tramsaction(uint8_t dev, uint8_t *bytes,int mum, int repeat);
private:
uint32_t base_addr;
Y
#endif // I2C_.CORE_H_INCLUDED
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I2cCore::I2cCore(uint32_t core_base_addr) {

base_addr = core_base_addr;
set_freq(100000); // default 100K Hz

}
I2cCore::"I2cCore() { }

void I2cCore::set_freq(int freq) {
uint32_t dvsr;

dvsr = (uint32_t) (SYS_CLK_FREQ * 1000000 / freq / 4);
jo_write(base_addr, DVSR_REG, dvsr);
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endcase

end // else

end // always

// output with 2-stage delay line

always_ff a(posedge clk) begin
reg_di_reg <= {r, g, b};
reg_d2_reg <= reg.di_reg;

end

assign bar_rgb = reg_d2_reg;

endmodule
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module chu_rgb2gray_core (
input logic clk, reset,
// video slot interface
input logic cs,
input logic write,
input logic [13:0] addr,
input logic [31:0] wr_data,
// stream interface
input logic [11:0] si_rgh,
output logic [11:0] so_rgb

// signal delaration
logic wr_en;

logic bypass_reg;
logic [11:0] gray_rgh;

// body

7/ instantiate rgb—to—garyscale comversion circuit
Tgb2gray rgb2gray_unit
Ccolor_rgb(si_rgb), .gray_rgb(gray.rgd));
// register
always_ff (posedge clx, posedge reset)
if (resot)
bypass_teg <= 1;
else if (ur_em)
bypass_reg <= wr_datal0];
// decoding
assign wr_en = write & cs;
// blending: bypass muz
assign so_rgb = bypass_reg 7 si_rgb : gray.rgb;
endmodule s E
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x

int I2cCor ready () {
return ((int) (io_read(base_addr,RD_REG) >> 8) & 0x01);
¥

void I2cCore::start() {
while (!ready()) {}
io_write(base_addr, WR_REG, I2C_START_CMD);

: g

void I2cCore::restart() {

while (!ready()) {}

io_write(base_addr, WR_REG, I2C_RESTART_CMD);
*

void I2cCore::stop() {

while (!ready()) {}

io_write(base_addr, WR_REG, I2C_STOP_CHMD);
&

int T2cCore::write_byte(uint8_t data) {
int ack, acc_dat

acc_data = data | I2C_WR_CMD;
while (!ready()) {}
io_write(base_addr, WR_REG, acc_data);
while (!ready()) {}
ack = (io_read(base_addr, RD_REG) & 0x0200) >> 9;
if (ack 0)
return (0);
else
return (-1);

¥

int T2cCore::read_byte(int last) {
int acc_data;

acc_data = last | I2C_RD_CMD;

while (!ready()) {}

io_write(base_addr, WR_REG, acc_data);

while (!ready()) {}

return (io_read(base_addr, RD_REG) & 0x00ff);
¥

int I2cCore::read_tramsaction(uint8_t dev, uint8_t *bytes,
int num, int rstart){
uint8_t dev_byte;
int ackl;
int i

dev_byte = (dev << 1) | 0x01; // LSB=1 for I2¢ read

start O;
ackl = write_byte(dev_byte); // send device id/read
for (i = 0; i < (mum - 1); i+#) {
+bytes = read_byte(0);
bytes++;
3
*bytes = read_byve(1); // last byte in read cycle

if (rstart==1){
restart () ;





OEBPS/Images/image00975.jpeg
module bar_src (
input logic clk,
input logic [10:0] x, y, // treated as o—/y—azis
output logic [11:0] bar_rgb
o
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Yelse{
stop();
B

return (ackl);

b3

write_transaction(uint8_t dev, uint8_t sbytes,
int num, int rstart){

int I2cCore:

uint8_t dev_byte;
int ackl, ack;

int ij
dev_byte = (dev << 1); // LSB=0 for I2c write
startO);
ack = write_byte(dev_byte); // send device id/write
for (i 0; i < num; i++) {

ackl = write_byte(*bytes);

ack ack + ackl;

bytes++;
3

if (rstart==1){
restart O
Yelsed{
stop )
3

return (ack);
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// signal declaration
logic [3:0] up, down;
logic [3:0] 1, g, b;
logic [11:0] regdi reg, reg_d2_reg;

// body
assign up = x[6:3];
assign down = "x[6:3);  // "mot” reverse the binary

always_comb begin
// 16 shades of gray
if (7 < 128) bogin

= x[8:51;
g = x[8:5];
b = x[8:5];

end
// 8 prime color with 50% intensity
©lse if (y < 256) begin

{x18], x[8], 27b00};

£x71, x[71, 27b00};

{x[6], x[6], 27b00};

end
else begin
// @ continuous color spectrum

caso (x[9:71)

375000: begin
T = abiii;

up;
470000

bogin
down;

4rb1iae;
470000

bogin
4750000
4rb1111]

upi

bogin
470000

down;
4rb1iae;

bogin
up;

470000
4rb1111]

bogin
4rb1111;
470000
down;

default: begin

4vb11as;
arb1111]
4rp1111;

sequence
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entity adt7420_wrapper is
port (
clk, reset : in std_logic;
-- 12-bit temperature reading
tmp: out std_logic_vector (i1 downto 0);
-- I2C interface connected to ADT7420
scl : out std_logic;
sda : inout std_logic
);
end adt7420_wrapper;
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void adt7420_check(I2cCore *adt7420_p, GpoCore *led_p) {
const uint8_t DEV_ADDR = Oxdl
uint8_t wbytes([2], bytes([2];
uint16_t tm
float tmpC;

// check part id
whbytes [0] = 0x0bj;
adt7420_p->write_transaction(DEV_ADDR, wbytes, 1, 1);
2dt7420_p->read_transaction (DEV_ADDR, bytes, 1, 0);
uart.disp("read ADT7420 id (should be Oxcb): ");
wart.disp(bytes[0], 16);
wart.disp("\n\r")
whbytes [0] = 0x00;
adt7420_p->write_transaction(DEV_ADDR, wbytes, 1, 1);
2dt7420_p->read_transaction(DEV_ADDR, bytes, 2, 0);
// conversion
tmp = (uint16_t) bytes[0];
tmp = (tmp << 8) + (uint16_t) bytes[1l;
if (tmp & 0x8000) {

tmp = tmp >> 3;

tmpC = (float) ((int) tmp - 8192) / 16;
} else {

tmp = tmp >> 3;

tmpC = (float) tmp / 16;
b
wart.disp("temperature (C):
wart .disp (tmpC);
wart.disp("\n\r");
led_p->urite(tmp);
sleep_ms (1000);
led_p->urite (0);
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input logic clk, reset,
// video slot interface
input  logic cs,
input logic write,
input logic [13:0] addr,
input logic [31:0] wr_data,
// stream interface
input logic [11:0] si_rgh,
output logic [11:0] so_rgd
%

// signal delaration
logic wr_en;

logic bypass_reg;
logic [11:0] gray_rgb;

// body
// instantiate rgb—to—grayscale comversion circuit
Tgb2gray rgb2gray_unit
(.color_rgb(si_rgh), .gray_rgh(gray_rgh));
// register
always_ff @(posedge clk, posedge resst)
if (reset)
bypass_reg
else if (ur_en)
bypass_rag
// decoding
assign wr_en = write & cs;
// blending: bypass mur
assign so_rgb = bypass_Teg 7 si_rgd : gray.rgh;
endmodule

wr_datalo];
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module chu_vga_dummy_core (
input logic clx, reset,
// video slot interface
input  logic cs,
input logic write,
input logic [13:0] addr,
input logic [31:0] wr_data,
// stream interface
input logic [11:0] si_rgh,
output logic [11:0] so_rgb
s

assign so_rgh = si_rgh;
e
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/o extract button info +/

fben - (i) (o1 & 0x08);  // estract bit 0

“rbin - (i) (o1 & 0x02)>>1; /) cxtrace bit 1

J« extract z movement; manually convert 9-bit 2's comp to int +/

top - (uinaz_t) b2;

it ot & 0210 // check MSB (sign bit) of = movement
tmp - tp | 0xffffff00;  // manual sign-cstension if negative

wxmov - (1m%) tEps 7/ data conversion

J« extract y movement; manually convert 9-bit 2's comp to int +/

Tap - (uinc3z_t) b3

it ot & 0x20) // check MSB (sign bit) of y movement
vmp - tmp | 0xffffff00;  // manual sign-ecstension if negative

ymov - (i) tmps 7/ data conversion

¥ success +/

Totura (1)
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int 14;
int 1btn, rben, xmov, ymov;

char cn;
unsigned long last;

uart.disp("\n\rPS2 device (i-keyboard / 2-mouse): *);
i = ps2.p->initO;

uart.disp(id);

uart.disp("\n\r);

RAkh e ity
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static int sft_on
uints_t scode;

¥hils (1{
if (rx_fifo_empty())
return(0);
scode = rx_byte();
switeh (scode){
case 0xf0:
whils (rx_fifo_empty());
scode = rx_byta(;
if (scods

case SFT_L
case SFT_R
sft_on
break;
defauls
if (sfi_om)
cn
alse
sen =
return(1);
Y // end switch
Y // end while

3

// mo packet

// break code
7/ gt mest
sPr_R)

// shift key make code

// mormal make code

SCAN2ASCIT_UP_TABLE[scodal;

SCAN2ASCIT_LO_TABLE[scodal;
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FrameCore frame (FRAME_BASE);
GpvCore bar(get_sprite_addr (BRIDGE_BASE,
GpvCore gray(get_sprite_addr (BRIDGE_BASE

0sdCore osd(get_sprite_addr (BRIDGE_BASE

int main0Q {
while (1) {
test_start (&led);
/ bypass all cores; blue screen
frame.bypass (1);
bar.bypass (1);
gray.bypass (1);
ghost.bypass (1);
osd.bypass (1);
mouse. bypass (1);
sloep_ns (3000) ;

// enable cores ome by one
frame_check (kframe);
bar_check (kbar) ;
gray_chock (gray);
ghost_check (kghost) ;
osd_check (kosd) ;
mouse_check (kmouse) ;

while (sw.read(0)) {

V7_BAR));

. V6_GRAY));
SpriteCore ghost (get_sprite_addr (BRIDGE_BASE, V3_GHOST),
SpriteCore mouse(get_sprite_addr (BRIDGE_BASE, Vi_MOUSE),

V2_08D));

// test composition with different overlays if sw(0)

mouse . bypass (sw.read(1));
osd.bypass (sv.read (2));
ghost . bypass (sw.read(3));
gray.bypass (sv.read (6));
bar . bypass (sw.read (1));
frame.bypass (sv.read (8));
// set osd parameters

0sd.set_color (0x0£0, sw.read(9));

// set ghost sprite parameters
ghost.wr_ctrl(sv.read) >> 11);

1024);
1024);

1
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int Ps2Core

€

uintg_t b1, b2, b3;
uint32_t tmp;

/+ check and retrieve Ist byte =/
if (rx_fifo_empty )

return (0);
bt = rx_bytel);
/+ wait_and retricve 2nd byte =/
¥hile (rx_fifo_empty();
b2 = rx_byze);
/+ wait_and retrieve 3rd byte =/
¥hile (rx_fifo_empty();
ey o

get_mouse_activity(int slbtn,

int +rbtn, int +xmov, imt +ymov)

// mo data in 7z fifo buffer





OEBPS/Images/image01005.jpeg
brightness
pixel
generator

brightness frame






OEBPS/Images/image00768.jpeg





OEBPS/Images/image00889.jpeg





OEBPS/Images/image01010.jpeg
addr_w,

mput IGgic LN VI
input logic [DATA_| wIoTH 1 0] i
output logic [DATA_WIDTH-1:0] dou
03

// d

lnglc [mm WIDTH-1:0] rem [0:20+ ADDRWIDTH-11;
WIDTH-1:0] data_reg;

// mouse_pointer. tet specifics the initial values of ram

initial

readmenh ("mouse_pointer.txt", ram);

it
3

// body
always_ff @(posedge clk)
begin
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FACIE manae. Sre
#(
parameter CD - 12, // eolor depth
ADDR = 10,  // number of address bits
KEY_COLOR 7/ ehroma key

put
put logxc [m lo1 x, y, // z—and y—coordinate
puL logic [10:0] x0, y0, // origin of sprite

nj
// sprite ram write

oot Ngele so

input logic [ADDR-1:0] addr_w,
input logic [CD-1:0] pixel_inm,
// pizel output

output logic [CD-1:0] mouse_rgh
03

// localparam de. luvahun

o-AIpgPe K f Lk m 2 o/ Rurizontol sine splf anpile

localp: s U werhiaat sixa wf sprie
,ngnal detaration:

lnglc signed [11:0] xr, yr; // relative z/y position

logic in_region;

logle [ADDR-1:0] ‘wddr_s
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o €
it (14 == 2) { // mouse
if (ps2_p->get_mouse_activity(slbtn, krbtn, &xmov, kymov)) {
nart disp(*");
uart.disp(lbtn);
art.disp(*, *);
uart.disp(rbin);
uart.disp(*, *);
uart.disp(xmov);
nart.disp(*, *);
uart.disp(ymov);
uare.aisp("] \r\am);
last = now.msO;
Y // end get_mouse_activity()
} else { // keyboard
if (ps2_p->get_kb_ch(kch)) {
uart disp(ch);
nart.disp(* *);

last = nowmsO;
3 // end getkb_ch()
Y // end i

} while (mow_ms() - last < 5000);
uwarc.disp("\m\rExit PS2 test \m\r);
3
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N e, L
#(
parameter DATA_WIDTH = 12, // color depth
ADDR_WIDTH = 10 // number of address bits

input logic clk,
put lnglc we,
il ogic [ADDR_WIDTH-:

0] addr_r
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module pwn_basic
#(parameter R=10) // # bits of PWM resolution (i.e., 2°R levels)
«
input logic clk,
input logic reset,
input logic [R-1:0] duty,
output logic pwn_out
3

// declaration
logic [R-1:0] d_reg, d_mext;
logic pwm_reg, pwm_next;

// body
always_ff 6(posedge clk, posedge reset)
if (reset) begin
d_reg <=
pum_reg <
end
clse begin
d_reg <= d_next;
pum_reg <= pum_mext;
end
// duty cyele counter
Assign d_nexv = d_reg +
// comparison circuit
Assign pwm_next = d_reg < duty;
assign pum_out = pum_reg;
GO

o;
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S e o Sy
#(parameter 12, // color depth
iy g

xn 0

«

input logic clk, reset,
// frame counter

put. Hugle, Woslift g

// video slot meu/acc
put Hogie
p gic wr

To| it
ipat lamic 113:0] wers
input logic [31:0] wr_data,
// stream interface

put logic [11:0] si_rgb,
output logic [11:0] so_rgb
i

// delaration
logic wr_en, wr_ram g, wr_bypass, wr_z0, wr_y0;
logic [CD-1:0] mouse_: rgh  chon-reb;

lnglc [10:0] x0_reg ;

logic bypass_reg:

'/ body

// instantiate sprite gemerator

mouse_src #(.CD(12), .KEY_COLOR(0)) mouse_src_umit (
clk( lx).
xG, (),
20 (x0_. reg), -30(50
.we(wr_ram), .addr_ H(nddr[lDDR WIDTH-1:01),
gl 1n(Ir am.[cn i o,

b (n

Vs
Srwnye i e(poseuge clk, posedge reset)
if (x ) begln
20

wr_data[10:01;

- wr_data[10:0];
it Cor gpass)
bypass_reg <= wr_datal[0];

d

// decoding
assign wr_en - write & cs;

assign wr_r “addr[13] && wr_en;
aaniEE o addr[18] Bh v _en:
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xEv cm.nn) 7 mouse_rgb : si_rgd;

mouse_rgb !
ss_reg) 7 si £b;
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ogic 1507103 Tall xgEh., ewe xghs
logic [CD-1:0] out_rgb_di_reg;

// body
// instantiate sprite RAM
mouse_ram_. ]ut #(.ADDR_WIDTH(ADDR),.DATA_ HIDTH(CD)) ram_unit (
k(c! .addr_w( dd ), .din(pixel_in),
.ndd ,r(nddx,r), .dout (full_rgl
tive coordznul( qlculahon
» gned ({170 - $signed ({1’10, x0});
- $signed ({1’10, yO});
¥+

k), .we(we),

ssign yr = sng“dm'bo. y})
sign addr_r - {yr[4:0], xr[4:0]
% R m i (o
assign in_regi (0<= xr) &k (n<n ST78) a8 (0<=yr) Bk (ye<V_STZE);
SEica i Swmtipnie v il : KEY_COLOR;
tage delay line

// output with a—s
always_ff a(pnsedge clk)
out_rgb_di_reg <= out_rgh;
nsslgn mouse_rgb - out_rgb_di_reg;
R
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// slot 1: UART
chu_uart #(.FIFO_DEPTH_BIT(8)) uart_slott
Celk(elk),

.reset(reset),

.cs(cs_array[‘S1_UART1D),

.read (mom_rd_array[ ‘S1_UART1]),
.urite(mem_wr_array[‘S1_UART1),

.addr (rog_addr_array[‘S1_UART1]),
.rd_data(rd_data_array[‘S1_UART1]),
.vr_data(ur_data_array[‘S1_UART1]),
Ltx(ex),

x (rx)

// slot 2: gpo
chu_gpo #(.W(N_LED)) gpo_slot2
Celk(elk),

.reset(reset),
.cs(cs_array[‘S2_LEDD),

.read (mem_rd_array[‘S2_LED]),
.write(mem_wr_array[‘S2_LEDI),
.addr (rog_addr_array[‘S2_LED]),
.rd_data(rd_data_array[‘S2_LED]),
.vr_data(vr_data_array[‘S2_LED]),
. dout (led)

b

// slot 3: gpi
chu_gpi #(.W(N_SW)) gpi_slot3
Celk(elk),

.reset (reset),
.cs(cs_array[‘S3_SW1),

.read (mom_rd_array[‘S3_SW1),
.urite(mem_wr_array[‘S3_SW1),
.addr (rog_addr_array[‘S3_SW1),
.rd_data(rd_data_array[‘S3_SW1),
.wr_data(vr_data_array[‘S3_SW1),
.din(sw)

41

// slot 4: reserved for user defined
// chu_gpi #(W(NSW)) user_slotf

7/ (-clk(clk)

7/ -reset(reset)

7/ -es(es_array|[‘S|_USER])

7/ -read(mem_rd_array['S|_USER])

7/ - write(mem_wr_array[‘S{_USER]) ,

// -addr(reg_addr_array[‘S{_USER]),
// -rd_data(rd_data_array[‘Sj_USER]),
7/ -wr_data(wr_data_array['S{_USER]),
7/ - din(sw)

7
assign rd_data_array[‘S4_USER] = 327h00000000;

// slot 5: zade
chu_xadc_core radc_slots
Celk(clk),

.reset (reset),

.cs(cs_array [‘S5_XADCD),
.read(mem_rd_array [ ‘S5_XADCI),
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module chu_ps2_core
#(parameter W_SIZE = 6)  // # address bits in FIFO buffer
3
input logic cik,
input logic reset,
// slot interface
input logic cs,
input logic read,
input logic write,
input logic [4:01 addr,
input logic [31:0] wr_data,
output logic [31:0] rd_data,
// external ports
inout tri ps2d, ps2c
b

// declaration
logic [7:0] ps2_rx_data;

logic rd fifo, ps2_rx_buf_smpty;
logic wr_ps2, ps2_tx_idle;

// body
7/ instantiate PS2 controller
Ps2_top #(.W_SIZE(W_SIZE)) ps2_unit
C.», .rd_ps2_packet(rd_tifo), .ps2_tx_data(wr_datal7:01);

// decoding and read multiplezing

7/ remove an_ item from FIFO

assign rd_fifo = cs & write & (addr[1:0]==2'b11);

// write data to PS2 transmitting subsystem

assign wr_ps2 = cs & urite & (addr[1:0]==2'b10);

// read data multiplering

assign rd_data = {22750, ps2_tx_idle, ps2_rx_buf_empty, ps2_rr_datal;
el
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// video module definition
‘define VO_SYNC o
‘define V1_MOUSE
‘define V2_0SD
‘define V3_GHOST
‘define V4_USER4
‘define V5_USERS
‘define V6_GRAY
‘define V7_BAR

// video frame buffer
‘define FRAME_OFFSET 0x00c00000

‘define FRAME_BASE  BRIDGE_BASE+FRAME_OFFSET

No oo
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~write (mem_wr_array[‘S5_XADC1),
-addr (reg_addr_array[‘S5_XADCD),
.rd_data(rd_data_array[‘S5_XADCI),
.wr_data(wr_data_array[‘S5_XADCI),
.adc_p(adc_p),

-adc_n(adc_n)

)

// slot 6: pum

chu_io_pvm_core #(.W(8), .R(10)) pum_sloté
C.elk(elk),

_reset(reset),

-cs(cs_array [“S6_PWNI),
.read(mem_rd_array [*S6_PWNI),
_write(mem_vr_array[‘S6_PWM]),
_addr (reg_addr_array [‘S6_PWHI),
.rd_data(rd_data_array [‘S6_PWNI),
.wr_data(ur_data_array[‘S6_PWNI),
-pwm_out (pvm)

5i

// slot 6: pum

chu_debounce_core #(.W(5), .N(20)) debounce_slot?
Celk(elk),
_reset (reset),
-cs(cs_array [‘ST_BTND),
.read(mem_rd_array[‘S7_BTNI),
.urite(mem_wr_array[‘S7_BTNI),
-addr (reg_addr_array [‘S7_BTHI),
.rd_data(rd_data_array[‘S7_BTNI),
.wr_data(vr_data_array[‘S7_BTNI),
.din(btn)

i

// slot 8 led mu
chu_led_mux_core led_slot8
Celk(clk),

_reset (reset),
-cs(cs_array [ ‘S8_SSEGI),
.read(mem_rd_array[‘S8_SSEC]),
.write(mem_wr_array[‘SB_SSEG]),
-addr (reg_addr_array [*S8_SSEG]),
.rd_data(rd_data_array[‘S8_SSEGI),
.wr_data(ur_data_array [ ‘S8_SSEGI),
.sseg(sseg),

an(an)

// slot 9: spi

chu_spi_core #(.5(1)) spi_slotd
Celk(elb),

.reset (reset),
.cs(cs_array[‘S9_SPID),
.read(mem_rd_array[‘S9_SPII),
.write(mem_wr_array[S9_SPI1),
-addr (reg_addr_array[‘S9_SPI1),
.rd_data(rd_data_array[‘S9_SPI),
.vr_data(vr_data_array[‘S9_SPII),
.spi_sclk(acl_sclk),

-spi_mosi (acl_mosi),
.spi_miso(acl_miso),
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#ifndef _PS2_H_INCLUDED
#define _PS2_H_INCLUDED

#include "chu_init.h*
class Ps2core {
public:
enun {
RD_DATA_REG = 0,

PS2_WR_DATA_REC = 2,
RM_RD_DATA_REG = 3

3

enun {
TX_IDLE_FIELD = 0100000200,
RX_EMPT_FIELD = 0100000100,
RX_DATA_FIELD = 0x000000ff

3

Ps2Core(uint32_t core_base_addr);

“Ps2Core O); // mot used

int rx_fifo_empty O}
int tx_141e0);
void tx_byte (uints_t cmd);
int rx_byte();
int 1nitO;
int get_mouse_activity(imt +lbtn, int rbin, int +xmov, int +ymov);
int got_kb_ch(char *ch);
private
uint32_t base_addr;
it

sondif // _PS2_HINCLUDED
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module mcs_top_vanilla_daisy
#(parameter BRG_BASE = 327hc000_0000)

4

input
input

logic clk,
logic reset.n,

// switches and LEDs

input

logic [15:0] sw,

output logic [15:0] led,
// wart

input

logic rx,

output logic tx,

// to

vga monitor

output logic hsync,
output logic vsync,
output logic [11:0] rgh

// declaration

logic
logic

clk_25M, clk_100M;
locked, resst_sys;

// MCS 10 bus

Togic
logic
logic
logic
logic

io_addr_strobe;
io_read_strobe;
io_write_strobe;
[3:0] io_byts_enabls;
[31:0] io_address;
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tx_idle = 1°b0;
caso (state_reg)
idla: begin
tx_ldle = 1b1;
if (ur_ps2) begin

b_next = {par, din};
c_mext = 13'mifff; // 2°15-1
STate_next = waitr;
end
end
water:

if (rx_idle)
state_next = ris;
rvs: bogin // request to send
ps2c_out = 17b0;
tric = 17015
c_mext = c_reg - 1;
if (c_rog==0)
state_next = start;

end
start: begin // assert start bit
Ps2d_out = 1°50;
trid = 1b1;
if (fall_edge)
bogin n_next = 4'h8;
state_next = data;
ond
end
data: begin // & data + 1 parity
Ps2d_out = b_regl0];
trid = b1
if (fall_edge) bogin
b_noxs = {1700, b_rog(8:1l};
if (n_rog == 0)
state_next = stop;
elso
n_next = n_reg - 1

// assume floating high for
if (fa11 odge) begin
state_mext = idle;
tx_dome_tick = 1°b1;
end
endease
end
// tristate buffers
assign ps2c = (tri_c) 7 ps2c_out
assign ps2d = (trild) 7 ps2d_out
o 2)

17023
17bz;

pszd
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‘global
frame.
counter

pipeline register

pipeline register

pipeline register

video
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video
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video
core
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// bin
input logic [4:0] ben,

// &~ digit 7-seq LEDs

output logic [7:0] an,

output logic [7:0] sseg,

// spi accelerator

output logic acl_sclk, acl_mosi,
input logic acl_miso,

output logic aclss,

// iZc temperature sensor
output logic tmp_i2c_scl,

inout tri tmp_i2c_sda,

// ps2

inout tri ps2d,

inout tri ps2c,

// ddfs square wave output
output logic ddfs_sq_vave,
// 1=bit dac

output logic pdn

//declaration
logic [63:0] mem_rd_array;
logic [63:0] mem_wr_array;
logic [63:0] cs_array;

logic [4:0] reg_addr_array [63:
logic [31:0] rd_data_array [63
logic [31:0] wr_data_array [63:
logic [15:0] adsr_env;

// body
7/ instantiate mmio controller
chu_mmio_controller ctrl unit
Celk(el),

.reset (reset),

.mmio_cs (amio_cs),

-mmio_vr (amio_vr),

‘mmio_rd(amio_rd),

_mmio_addr (smio_addr),
.mmio_wr_data(mmio_wr_data),
.mmio_rd_data(mmio_rd_data),

// slot interface
“Slot_cs_array(cs_array),
-slot_mem_rd_array (men_rd_array),
-slot_mem_ur_array(mem_vr_array),
_slot_reg_addr_array(reg_addr_array),
_slot_rd_data_array(rd_data_array),
.slot_wr_data_array(wr_data_array)

et

// slot 0: system timer
chu_timer timer_slot0

Celk(elk),

.reset (reset),

.cs (cs_array [*SO_SYS_TIMERI),
.read(mem_rd_array[‘S0_SYS_TINER]),
.vrite(mem_wr_array[‘SO_SYS_TINERI),
-addr (reg_addr_array [ ‘SO_SYS_TINER]),
.rd_data(rd_data_array [ ‘S0_SYS_TIMER]),
_wr_data(ur_data_array [ ‘SO_SYS_TIMER])
)
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module ps2_top
#(parametor W_SIZE = 6)  // # address bits in FIFO buffer
¢
input logic clk, resst,
input logic wr_ps2, rd_ps2_packet,
input logic [7:0] ps2_tx_data,
output logic [7:0] ps2_rx_data,
output logic ps2_tx_idls, ps2_rx_buf_empty,
inout tri ps2d, ps2c

2

// declaration
logic rx_idle, tx_idle, rx_dome_vick;
logic [7:0] rx_data;

7/ body
7/ instantiate ps2 transmitter
pe2cx ps2_tr_unit
.+, .din(ps2_vx_dava), .tx_dome_tick());
// instantiate ps2 receiver
pe2rx ps2_rr_unit
.+, .7x_en(vx_idle), . dout (rx_data));
// instantiate FIFO buffer
%ifo #(.DATA_VIDTH(S), . ADDR_WIDTH(W_SIZE)) fifo_unit
C.clk(clk), .reset(reset), -rd(rd_ps2_packet),
vr(rx_done tick), .u_data(rx_data), .empty(ps2_rx_buf_empty),
110, .r_data(ps2_rx_data));
//output
assign ps2_tr_idle = tx_idle;
endmodule
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module mmcm_fpro (
// clock in port
input clk_in_100M,
// clock out ports
output clk_100K,
output clk_25M,
output clk_40M,
output clk_67H,
// status and control signals
input reset,
output locked
o3

// instantiate customized mmean macro core

mmcn_fpro_clk_wiz inst (
-clk_in_100M(clk_in_100K),
// Clock out ports
. c1k_100M (clk_100K)
.clk_25M (clk_25M) ,
.clk_40M (clk_40M) ,
.clk_67H(clk_6TH),
.reset (reset),
-locked (locked)

o

endmodule
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module mcs_top_sampler
#(parameter BRG_BASE = 327hc000_0000)
¢
input logic clk,
input logic reset_n,
// switches and LEDs
input logic [15:0] sw,
output logic [15:0] led,
// uart
input logic rx,
output logic tx,
// 4 analog input pair
input logic [3:0] adc_p, adc.n,
// rgb leds (pum)
output logic [2:0] rgb_ledi, rgb_led2,
// bin
input logic [4:0] btn,
// & digit 7-seq LEDs
output logic [7:0] an,
output logic [7:0] sseg,
// spi accelerator
output logic acl_sclk, acl_mosi,
input logic acl_miso,
output logic acl_ss_n,
// e temperature semsor
output logic tmp_iZc_scl,
inout tri tmp_i2c_sda,
/ ps2
inout tri ps2d,
inout tri ps2c,
// merys 4 audio
output logic audio_on,audio_pdn,
// PMOD JA (divided into top row and bottom row)
output logic [4:1] ja_top,
output logic [10:7] ja_bta

// declaration
logic clk_100M;

logic reset_sys;

// MCS 10 bus

logic io_addr_strobe;

logic io_read_strobe

logic io_write_strobe;
logic [3:0] io_byte_enable;
logic [31:01 io_address:
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#define
#define
#define
#define
#define
#define
#define
#define
#define
#define

FRAME_OFFSET 0x00c00000

FRAME_BASE
VO_SYNC
V1_MOUSE
v2_0SD
V3_GHOST
Va_USER4
V5_USERS
V6_GRAY
V7_BAR

BRIDGE_BASE+FRAME_OFFSET
0

No s W
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logic [31:0] io_write_data;

logic [31:0] io_read_data;
logic io_ready;

// fpro bus

logic fp_mmio_cs;

logic fp_wr;

logic fp_rd;

logic 1 fp_addr;
logic ] fp_wr_data;
logic ] fp_rd_data;
// pum

logic [7:01 pwn;
// ddfs /audio pdm
logic pdn, ddfs_sq_wave;

// body
assign clk_100M
assign reset_sys
// audio

assign audio_pdm = pdn;
assign audio_on = 1'b1;
// rab leds
assign rgb_led2
assign rgb_ledl
// PMOD JA
assign ja_top[1]
assign ja_top[2] = pdnm;
assign ja_top[4:3] = pun(7:61;
assign ja_bta = £’50000;

clk; // 100 MHz ezternal clock
treset_n;

ddfs_sq_vave;

//instantiate uBlaze MCS
cpu cpu_unit (

~Clk(clk),

-Reset (reset_sys),
.10_addr_strobe (io_addr_strobe),
.10 address (io_address),

.10 byte_enable(io_byte_enable),
.10 road_data(io_read_data),

.10 read_strobe(io_read_strobe),
.10 ready (io_ready),

.10 write_data(io_write_data),
.T0_write_strobe (io_write_strobe)
Yy

// instantiate bridge
chu_mcs_bridge #(.BRG_BASE(BRG_BASE)) b_umit (.*, .fp_video_csO);

// instantiated i/o subsystem
mmio_sys_sampler #(.N_SW(16),.N_LED(16)) mmio_unit (
.c1k(c1k_100M),
.reset(reset_sys),
.mmio_cs (fp_mmio_cs),
.mmio_wr (fp_vr),
.mmio_rd(fp_rd),
.mmio_addr (fp_addr),
.mmio_wr_data(fp_vr_data),
.mmio_rd_data(fp_rd_data),
.acl_ss(acl_ss_n),
)
endmodule
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const uint8_t SCAN2ASCII_LO_TABLE[128]={

Fo, o0, F5, F3, F1, F2, Fi2, //00
F10, F8, Fe, Fa, TAB, '), 0,  //08
0, L_SFT, 0, LCTR, ’q’, °1’, 0,  //10
o vgr,  amr, Bai,  oagr. 220, 0. /18
ser, xel rar. ver.  cav. 130, o, /20
sl ye. agrl g, op. b 0 J/28
U Ol e o, /%0
0% miy el bus. o, //8
S o, /40
FE o, /48
o By e Bivy o, //s0
R_SFT, ENTER, ’1’, 0, o, //58
o, 0, 0, o, o,  //60
710, o, rar, 070, o, //68
v, 2, e, e, NUM, /70
T o /78
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#define get_video_slot_addr(base, vslot) \
((uint32_t)((base) + 0x00800000 + (vslot)+16384%4))
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spi_ss_n(acl_ss)

)

// stot 10: iz
chu_i2c_core i2c_slotid

C.elk(elk),
.reset(reset),
.cs(cs_array[‘$10_12C1),
.read(men_rd_array[‘$10_12C1),
.write(mem_wr_array[‘S10_12C1),
-addr (reg_addr_array [*510_12C1),
.rd_data(rd_data_array [‘S10_12C1),
.wr_data(wr_data_array [‘S10_12C1),
.scl(tmp_iZe_scl),

-sda(tmp_i2c_sda)

%

// slot 11: pse
chu_ps2_core #(.W_SIZE(8)) ps2_slotit
Celk(elb),

_reset(reset),

-cs (cs_array[‘S11_PS21),
.read(men_rd_array[‘S11_PS21),
.write(mem_wr_array[‘S11_PS21),
-addr (reg_addr_array [‘S11_PS21),
.rd_data(rd_data_array [‘S11_PS21),
.wr_data(vr_data_array [‘S11_PS21),
-ps2d(ps2d),

-ps2c(ps2c)

2

// slot 12: ddfs
chu_ddfs_core ddfs_slot12
Celk(clk),

.reset(reset),

.cs(cs_array [‘S12_DDFSD),

.read (mom_rd_array[ ‘S12_DDFSI),
.write(mem_wr_array[‘S512_DDFSI),
.addr (rog_addr_array[‘S12_DDFS1),
.rd_data(rd_data_array[‘S12_DDFS]),
.wr_data(vr_data_array[‘S12_DDFS1),
-focu_ext (267h0),

.pha_ext (267h0),

.env_ext (adsr_env),

.pea_out O),
.digital_out(ddfs_sq_wave),
-pda_out (pdn)

¥

// slot 13: adsr
chu_adsr_core adsr_slotid
Celk(elk),

.reset(reset),

.cs(cs_array [‘S13_ADSRD),

.read (mom_rd_array [ ‘S13_ADSR]),
-urite(mem_wr_array[‘S13_ADSRI),
.addr (rog_addr_array[‘S13_ADSRI),
.rd_data(rd_data_array[‘S13_ADSR]),
.vr_data(vr_data_array[‘S13_ADSRI),
.adsr_env (adsr_env)

8
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Ps2Core::Ps2Core(uint32_t core_base_addr) {
base_addr = core_base_addr;

3

Ps2Core::"Ps2cors() { }

int Ps2Core::rx_fifo_empty() {
wint32_t rd_vord;
int empty;

rd_vord = io_read(base_addr, RD_DATA_REG);
empty = (int) (rd_word & RX_EMPT_FIELD) >> 8;
return (empty);

3

inv Ps2Core::tx_idleO) {
wint32_t rd_vord;
int idle;

rd_vord = io_read(base_addr, RD_DATA_REG);
idle = (int) (rd_word & TX_IDLE_FIELD) >> 9;
return (idle);

3

void Ps2Core::tx_byte(uints_t cmd) {
io_urite(base_addr, PS2_WR_DATA_REG, (uint32_t ) cmd);

3

int Ps2Core::rx_byteO) {
winta2_c data;

if (rx_fifo_empty()) // mo data
return (“1);

else {
data = io_read(base_addr, RD_DATA_REG) & RE_DATA_FIELD;
io_write(base_addr, RM_RD_DATAREG, 0);
return ((int) data);
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logic

[31:0] io_write_data;

logic [31:0] io_read_data;
logic io_ready;

// fpro bus

logic fp_mmio_cs;

logic fp_ur;

logic fp_rd

logic [20:0] fp_addr;
logic [31:0] fp_wr_data;
logic [31:0] fp_rd_data;
logic fp_video_cs;

// body

// clock and reset

assign reset_sys - “locked | “reset._n;
// instantiate clock management unit

fpro clk_mmem_unit (

// clock in ports
.clk_in_100M (clk),
// clock out ports

1k_100K (c1k_100M) ,
1k_26M (c1k_25M) ,
1k_40MO),

1k 67MO),

// status and control signals

£
)

250t (0),
ocked (locked)

//instantiate uBlaze MCS

cpu c
_Clk
-Res.
.10,
.10,
.10
.10
.10
.10
.10,

-0

b

pu_unit (
(clk_100K),

ot (reset_sys),

addr_strobe (io_addr_strobs),
address (io_address),
byte_snable (io_byte_snabls),
read_data(io_read_data),
read_strobs (io_read_strobs),
ready (io_ready),
write_data(io_write_data),
write_strobs(io_write_strobe)

// instantiate bridge
chu_mcs_bridge #(.BRG_BASE(BRG_BASE)) bridge_unit

2ddr_strobe(io_addr_strobs),  // mot used
read_strobe(io_read strobs),
write_strobe(io_write_strobe),
byte_enable(io_byts_enabls),

address (io_address),
write_data(io_writs data),
read_data(io_read_data),

ready (io_ready),

// FPro bus

Lfp_
-£p_;
- £p_;
-fp_;
-fp_.
-fp_;
Lfp_

vidso_cs (fp_video_cs),
mmio_cs (fp_mmio_cs),
wr (fp_wr),

rd(fp_rd),

addr (fp_addr),
wr_data(fp_vr_data),
rd_data(fp_rd_data)
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// assign 0's to all unused slot rd_data signals
generate
genvar i;
for (i=14; i<64; i=i+1) begin
assign rd_data_array[il = 327h0;
end

endgenerate
endmodule
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int Ps2Core
int packet;

it {

/+ flush fifo buffer +/
hile (Irx_fifo_empty()) {
byt O
)
/o send reset 0zff =/
debug("ps2 reset: write command ", 0, 0);
©x_byte (OX);
sloep_nus (1000);
/= check 0zfa 0zaa +/

if (rxbyteO) 1= oxfa){
return (-1); } // mo response or wrong response
if (rxbyte() 1= 0xaa){
return (-1); } // mo response or wrong response
debug("ps2 reset: Oxfa Oxaa valid *, 0, 0);

/+ check whether 0200 is received )
Packet = rx_byteO;

it (packet = 1) &
roturn (1) // fifo has no more packet, device is keyboard
it (packet 1= 0x00) ©
return (-2 // unknoun ps2 device (unlikely)
:

/+ device is a mouse; set it to stream mode %/
©x_byte (0xf4);
s1a0p_ms (100) ;
/s check 0zfa (acknowledge) =/
if (rx_byte = Oxfa){

return (-3); // mo response or wrong response
1

return (2); //success
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)3

// instantiated i/o subsystem
mmio_sys_vanilla #(.N_SW(16),.N_LED(16)) mmio_unit (
-clk(clk_100H),

.reset(reset_sys),

.mmio_cs (fp_mmio_cs),

.mmio_wr (fp_wr),

.mmio_rd(fp_rd),

.amio_addr (fp_addr),

mmio_wr_data(fp_wr_data),
.mmio_rd_data(fp_rd_data),

sw(sw),

led(led),

rx(rx),

x (vx)

5

// instantiated video subsystem
Video_sys_daisy #(.CD(12), .VRAM_DATA_WIDTH(9)) video_sys_unit (
-clk_sys (clk_100K),
- c1k_2BM(clk_25M),
.reset_sys (reset_sys),
-video_cs (fp_video_cs),
-video_wr (fp_vr),
.video_addr (fp_addr),
.video_vr_data(fp_vr_data),
_vsync(vsync),
-hsync (hsync),
b (rgh)
3
enduialill:
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#include "chu_init.h"
#include "gpio_coras.h"
#include "xadc_cora.h"
#include "sseg_cora.h"
#include "spi_core.h"
#include "i2c_core.h"
#include "ps2_core.h"
#include "ddfs_core.h"
#include "adsr_core.h"

void timer_check(GpoCora *led_p) { ... }

void led_check(GpoCore *lad_p, imt m) { ... }

void sw_chack(GpoCors *led_p, GpiCore *sw.p) { ... }

void wart_check() { ... }

void adc_check(XadcCore wadc_p, GpoCore sled_p) { ... }

void pwm_3color_led_check(PwmCors *pwm_p) { ... }

void debounce_check(DebouncsCore *db_p, GpoCore sled_p) { ... }
void sseg_check(SsegCore *sseg_p) { ... }

void gsemsor_chack(SpiCora *spi_p, GpoCore sled_p) { ... }
void adt7420_check(I2cCore *adt7420_p, GpoCors *lad_p) { ... }
void ps2_check(Ps2Cors +ps2.p) { ... }

void ddfs_check(DdfsCors +ddfs_p, GpoCore *led_p) { ... }

void adsr_check(AdsrCora *adsr_p, GpoCore +led_p, GpiCors *sw_p) {

void show_test_id(int n, GpoCore *lad_p) {
int i, pen;

pta = n

for (i = 05 i < 20; i) {
led_p->writa(pta);
sleep_ns (30);
led_p->write (0);
sleep_ns (30);

b3

// instantiate cores
GpoCore led(get_slot_addr (BRIDGE_BASE, S2_LED));

GpiCore sw(get_slot_addr (BRIDGE_BASE, S3_SW));

XadcCore adc(get_slot_addr (BRIDGE_BASE, S5_XADC));

PunCore pwm(get_slot_addr (BRIDGE_BASE, S6_PWN));
DebounceCore btn(get_slot_addr (BRIDGE_BASE, S7_BTN));
SsegCore sseg(get_slot_addr (BRIDGE_BASE, S8_SSEG));
SpiCore spi(get_slot_addr (BRIDGE_BASE, S9_SPI));

I2cCore 2dt7420(get_slot_addr (BRIDGE_BASE, §10_12C));
Ps2Core ps2(get_slot_addr (BRIDGE_BASE, S1i_PS2));

DdfsCore ddfs(get_slot_addr (BRIDGE_BASE, S12_DDFS));
AdsrCore adsr(get_slot_addr (BRIDGE_BASE, S13_ADSR), &kddfs);

b
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BKSP
ENTER
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o0x1b
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//
i

V7
//
//

tab
backspace

enter (new line)
escape

back slash
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class GpvCore {

publi.
enun {

BYPASS_REG = 0x2000,

53
/+ methods +/
GpvCore (uint32_t core_base_addr);
“GpvCore O); // mot used
void wr_mem(int addr, uimt32_t color);
void bypass(int by);

private:
uint32_t base_addr;

b5
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int mainQ {

timer_check (kled);

while (1) {
show_test_id(1, &led);
led_check(8led, 16);
sw_check (kled, &sw);
show_test_id(3, kled);
wart_check )
show_test_id(5, kled);
adc_check (kadc, &led);
show_test_id(6, kled);
pum_3color_led check (kpwm);
show_test_id(7, &led);
dobounce_check (kbtn, kled);
show_test_id(8, kled);
sseg_check (ksseg) ;
shov_test_id(9, &led);
gsensor_check (kspi, &led);
show_test_id (10, &led);
2dt7420_check (£adt7420, &led);
show_test_id(11, &led);
ps2_chock (&ps2);
show_test_id(12, &led);
ddfs_check (kddfs, &led);
show_test_id(13, &led);
adst_check (kadst, &led, &sw);

1} //while

¥ 7fwiaia
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const uint8_t SCAN2ASCII_UP_TABLE[128] = {

Fo, 0, Fs, F3, F1, F2,
F10, F8, F6, F4, TAB, ’77,
0, LISFTS 0. LiCTR; Q75 242
o iz0, s, oar, oW e
36r,  xr. prl vEY. se. ool
N, w, E, T, oRY. o
e, ome, ow, e, yrn o

12, //00
. s
. e
7/18
7/20
e e
.

6% el a3al el omr. wr) s
2%, L aTal el aya) a(r) V40
T S S A M Y7774
o, W s
R_SFT, ENTER, ’}’, 0, Mo o B //58
0, o, 0, o, o, BKSP, 0,  //60
1, o, W, 0T, 0, o, . /68
>, 20, 0Bv, ver. 8, ESC, NUM, /70
il e velaingr hgel B Yy
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GpvCore::GpvCore (uint32_t core_base_addr) {
base_addr = core_base_addr;

“GpvCore ) {1

void GpvCore::wr_mem(int addr, uint32_t data) {
io_write(base_addr, addr, data);

%

void GpvCore::bypass(int by) {
io_write(base_addr, BYPASS_REG, (uint32_t ) by);

b3
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int Ps2Core:

// special

#datine
#define
#define
#define
#define
#define
#define

#define
#define
#define
#define
#define

4B
BKSP
ENTER
Esc
BKSL
SFT_L
SFTR

cars
oM
cTR_L
F1

F2

got_kb_ch(char

characters

0x09
0208
0x04
0x1b
ox5c
059
0x12

0280
0x81
0382
0x£0
oxf1

*ch) {

tab
backspace

enter (new line)
escape

back slash

left shift
right shift

// keyboard scan code to ascii (lower case)
Comst char SCAN2ASCII_LO_TABLE[128] = {...}
// keboard scan code to ascii (upper case)
Comst char SCAN2ASCII_UP_TABLE[128] = {...};
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#include "chu_init.h
#include "gpio_cores.h”
#include "vga_core.h

void test_start(GpoCors *lsd_p) {
int i;

for (i = 0; i < 20; i+H) {
led_p->write (0xf£00);
sleep_ms (50);
led_p->write (0x0000);
sleep_ms (50);

¥

void bar_check(GpvCore sbar_p) {
bar_p->bypass (0);
slsep_ms (3000);

¥

void gray_check (GpvCore *gray_p) {
gray_p->bypass (0);
sleep_ns (3000);
gray_p->bypass (1);

¥

void ghost_check(SpriteCore *ghost_p) {
void mouse_check(SpriteCore *mouse_p) {
void osd_check(0sdCore sosd_p) {...}

void frame_check(FrameCore sframe_p) {...}

// external core instantiation
GpoCore led(get_slot_addr (BRIDGE_BASE, S2_LED));
GpiCore sw(get_slot_addr (BRIDGE_BASE, S3_SW));
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#define _CHU_I0_RW_H_INCLUDED

#include <inttypes.h>  // to use unitN_t type
#ifdef __cplusplus

extern <

#endif

#dofine io_read(base_addr, offset) \
(+(volatile uint32_t +)((base_addr) + 4x(offset)))
#dofine io_write(base_addr, offset, data) \
(+(volatile uwint32_t *)((base_addr) + 4*(offset)) = (data))
#dofine get_slot_addr (mmio_base, slot) \
((uint32 %) ((mmio_base) + (slot)+32+4))
#ifdef __cplusplus
} // estern "C"
#endif

#ondif /« _CHUIO_RW_HINCLUDED =/
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#ifndef _DDFS_H_INCLUDED
#define _DDFS_E_INCLUDED

#include "chu_io_basic.h
class DafsCore {

enun {
FOW_REG o,
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core_base_addr, int

void SpriteCore::wr_mem(int addr, uint32_t color) {
io_write(base_addr, addr, color);
y

void SpriteCore::bypass(int by) {
io_write(base_addr, BYPASS_REG, (uint32_t ) by);
Y

void Sprite xy(int x, int y) {
o wr)te(hnse addr ) XREG, %);
wr)te(hnse addr, Y_REG, y);
tu;

}

<ot Bemmacic I ol B
o_urite(base_addr, SPRITE_CTRL_REG, cmd);
}

SPpT:

ke, sixe)
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// 0110_0000; mask bits 6 and 5 asserted

1011_0011;
// 0010_0000; isolate b:t: 6 and d
// mm 0011; clear bits 6 and 5 q/ a0

// 1111_0011; sct bn:: B ami 5 q/ d to 1
/7 1101_0011; toggle bits of d
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FOW_REG

PHA_REC
ENV_REG
SRC_SEL_REC

5

enum {

PHA_WIDTH = 30 // # bits in ddfs phase register

public:
DafsCore(uint32_t core_base_addr);
“DdfsCore O; // not used

void set_carrier_freq(int freq);
void set_offset_ifreq(int freq);
void set_phase_degres (int phase);
void set_env(float env);
void set_fou_source(int chammel);
void set_emv_source(int chammel);
void set_pha_source(int chammel);
private:
uint32_t base_addr;
uint32_t ch_select.reg;

3

#ondif // _DDFS_HINCLUDED
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int x,

_p->bypass (0);
/7 tisar e and bottom lines

i Cat 1< 325 ien) {
Sokeei >ur_mem(i, 0);
wr_mem(31 * 32 + i, 0);
7 slawly

move mouse pointer

- (1n i= 05 i <80; ivn) {
S s e D
sleep_ms (50);

x=x v 4

+3;
ep_ms (3000) ;
// toad top and bottom rows
for (imt i = 0; i < 32; i+rs) {
steap pwlin)y
mouse_p->wr_ mel(x, 0x00£)
mouse_p->wr_mem (31 * 32 + i, 0x£00);
)
sleep_ms (3000);
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L sl e s e
#define _CHU_I0_MAP_INCLUDED

#dofine SYS_CLK_FREQ 100
//io base address for microBlaze MCS
#dofine BRIDGE_BASE 0xc0000000

// slot module definition

Yaotine S0 SYS_TINER ¢
RT1

#define S2_LED 2
#dstine 53.5%

// Sttonal stot” definitions for cores in Parts III and IV
#i __cplusplus

¥ // Pl

#endif

endif // _CHUJIOMAPINCLUDED
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void pwm_3color_led_check(PwnCore #pwm_p) {
int 1, n;
double bright, duty;
const double P20 = 1.2589; // P20=100"(1/20); i.e

pwm_p->set_freq(50);
for (n = 0; m < 3; n++) {
bright = 1.0;
for (1= 0; 1 < 205 1+4) {
bright - bright = P20;
duty - bright / 100.0;
pwn_p->set_duty (duty, n);
pwn_p->set_duty (duty, n + 3);
sleep_ms (100);

3

sleep_ms (300);
pun_p->set_duty (0.0, n);
pun_p->set_duty (0.0, n + 3);






OEBPS/Images/image00905.jpeg
module chu_ddfs_core
#(parameter PW=30)  // # DDFS bits
«
input  logic cik,
input logic resst,
// slot interface
logic cs,
logic read,
logic writs,
logic [4:01 addr,
logic [31:0] vr_data,
output logic [31:0] rd_date,
// ezternal signals
input logic [PU-1:0] focw_ext, pha_ext,
input logic [15:0] env_ext,
output logic digital_out,
output logic pda_out,
output logic [1570] pen_out
2

// declaration
logic [PV-1:0] pha_reg, fccw_reg, focu_reg;
logic [PU-1:0] focw, pha;

logic 0] env_reg;
logic 0] env;

logic [2:0] ctrllreg;

logic wr_en, wr_fccw, wr_focw, wr_pha, wr_emv, wr_cirl;

logic [15:0] pea;

// instantiate ddfs
4ars #C.PUCP)) ddts_univ
.=, foou(fecu.reg), -pem_out(pea), .pulse_out(digital_out));

// instantiate 1-bit dac
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:0] sprite_: rgb chrom_rgb;
1 x0_; xog. yO_res:
1 ctrl reg;

_reg;

ody

// instantiate

ghost_src #(. cn(m, eV cnum(o)) ghost_src_unit (
.clk(clk), .x(x), .y(y), .x0(x0_reg), .y0(y0_reg),
.ctrl(ctrl_reg), .we(wr_ram), .nddx,u(nddrunnx,umru— :
pixel_in(ur_data[1:0]), .sprite_rgh(sprite_rgb));

VL
fwags i o(posedge clk, posedge reset)
i L) begln

bypnss e
ctrl_reg <= B'bODlOO // red animation

o
x0_reg <= wr_data[10:0];
if (" yO)
<= wr_datal10:0];
if ( e ne)
bypass_reg <= wr_datal0];
if (ur_ctrl)
ctrl_reg <= wr_datal[4:01;
end
// decoding
assign wr_en - write & cs;
assign wr_ram - “addr[13] && wr_en;
asalgn wxerey = wddli3] Akyer-on;
asslgn wr_bypas
assign wr_x0 - wr_
asslgn =30 =
assign wr_
Vi chrama*key bl
asslgn chrom_rgl
as; zgb
Sositshniid

KEv CoLon) 7 spriveseb ¢ sixgs
: chrom_rgb;
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ds_1bit_dac #(.W(16)) dac_unit
.+, .pem_in(pem));
assign pem_out = pem;

// registers
always_ff a(posedge clk, posedge reset)
if (reset) begin-

foou reg
foou_reg
Pha.7og <= 0;
env_reg < 16'n4000;  // 1.00
cerl reg < 0;

ond

else begin
if (ur_fecw)
fccw_reg <= wr_datalPW-1:0];
if (r_focw)
focw_reg
if (ur_pha)
pha_reg <= ur_datalPW-1:0];
if Cur_env)
env_reg <= wr_datal15:0];
if (er_cerl)
ctrl_reg

wr_data[Pi-1:0];

wr_data[2:0];

end
'/ decoding
assign wr_en = urite & cs;

assign wr_fcew = (addr[2 & wr_en;
assign wr_focw = (addr [2 & wr_en;
assign wr_pha = (addr[2 & wrien;
assign wr_env = (addr[2 & wr_en;
assign wr_ctrl = (addr([2:0]==3'b100) & wr_en;

// input_signal routing
assign onv =(ctrl_reg[0]) 7 env_ext : emv_reg;
assign focw =(ctrl_reg[1]) 7 focu_sxt : focw_reg;
assign pha =(ctrl_reg[2]) 7 pha_ext : pha_teg
// read out
assign rd_data = 1670000, pea};

qiiadhitis
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SPRITE_CTRL_REG = 0x2003

cthods +/
Spr)teCoxe (uint32_t
~SpriteCore ()

void wr_mem(int addr
void move_xy(imt x,
void wr_ctrl ()nt.ai
void bypass(int by);
private:

core_base_addr, inmt size);
// not used
olor);

xiaiidl fonmsaliing

// sprite memory size
¥
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_t) (

nt32,
ata<<®)

"
o
5

= (iodata<<8)
ol loEks

b

num);
(uint32_t) chi;
cho;

(uint32_t)

// numin bm 253
bits 31:16
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module debounce_fsm
«
input logic clx, reset,
input logic btn,
input logic mst0_tick,
output logic db
0

J/ fsm state type
typedsf emum {zero, waiti_t, wait1 2, wait1.3,

oo, waito_i, wait0_2, wait0_3 } state_type;

// signal declaration
State_type state_teg, state_next;

// state_register
always_ff @(posedge clk, posedge reset)
if (reset)
state_teg
else
state_reg <= state_next;

// mezt—state logic and output logic
always_comb
bogin
state_next = state_reg;
a = 1'b0;
case (state_reg)
if (pem)
state_next = waitii;
waiti 1
if Cben)
state_next = zero;
else
if (mst0_vick)
state_mext = waiti 2;
vait1 2
if Cben)
state_next = zero;
else
if (mst0_vick)
state_mext = waiti3;

vait1 3
if Cben)
state_next = zero;
else
if (mst0_vick)
state mext = ome;
bogin
@ = 101;
if (bem)
state_mext = wait0_1;
end
waito_t:
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#define bit_s
#define bit_clear (dat. at
#define bit_toggle(data, n) ((data) "= (1UL @))
#define bit_read(data, m) (((data) >> (n)) & 0x01)
#define bit_write(data, n, bitvalue)
(bitvalue ? bit_set(data, n) : bit_clear(data, n))
)

efine
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#include "ddfs_core.h”
DdfsCors::DdfsCore (uint32_t cors_base_addr){
base_addr = core_base_addr;
// select processor bus
Set_env_source (0);
set_fou_source (0);
set_pha_source (0);
// set note C
set_carrier_freq(262);
set_offset_freq(0);
set_phase_degres (0);
set_env(1.0);

3

DdzsCore::~DafsCore O {};

void DafsCore::set_carrier_freq(int freq){
wintd2_t fow, pan;
float tmp;

P20 = 1<<PHA_WIDTH; //2°PHAWIDTH
tmp = ((float)p2m) / float (SYS_CLK_FREQ+1000000);
fov = uini32_t (freq = tmp);
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int x,

// stowly move mous
ghost p- )hypnss(ﬂ).
_ctrl(0xic); //animation; blue ghost

100;
T (int i = 0; i < 186; i++) {
ehost_p-rmove.xy (2, 9);

sleep_ms (100);

x=x v 4

if (i == 80) {
// change to red ghost half way
ghost_p->wr_ctrl (0x04);
¥

¥
sleep_ms (3000);
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int m

b

iodata = io_re: ):

num = (int) (()o at 0x££££0000) >> 16)
hi = (char) ((iodata z OxDOOthDO) >> 8);

(char) ((iodata & 0x000000ff)
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:

void DafsCore

3

void DafsCore

3

void DafsCore

¥

void DafsCore

3

void DafsCore

b

io_urite(base_addr, FCW_REG, fou);
dobug("ddfs set_carrier_freq - fcw: ", few, 0);

et_offset_freq(int freq){
uints2_t fow, pen;
float tmp;

P20 = 1<<PHA_WIDTH; //2 PHAWIDTH
Tmp = ((float)p2m) / Tloat(SYS_CLK_FREQ1000000) ;
fou = uint32_t (freq » tap);

io_urite(base_addr, FOW_REG, fow);

et_phase_degres (int phase){
uint32_t pha;

pha = (SYS_CLK_FREQ+1000000) + phase /360;
io_write(base_addr, PHA_REG, pha);

ot_env(float env){
// convert floating point to fired—point Q2.14 format
int32_t q216;
float max_amp;

max_amp = (float)(0x4000); // env » 2°15
216 = (10132.%) (onvemax_amp);

fo_urite(base_addr, ENV_REC, q216 & 0x0000£f1f);
dobug(ddfs sev_carrier_freq - emv: ", q216, 0);

et_fow_source (int chamnel){

int cb = 0;

if (channe:
bit_vrite(ch_select_reg, 1, ch);
io_urite(base_addr, SRC_SEL_REC, ch_selsct_reg);

et_env_source (int chamnel){

int cb = 0;

if (chanmel==1)
bit_urite(ch_select_reg, 0, ch);

io_urite(base_addr, SRC_SEL_REC, ch_selsct_reg);

void DdfsCore::set_pha_source(int channel){

int cb = 0;

if (channe:
ch=1;

bit_vrite(ch_select_reg, 2, ch);

io_urite(base_addr, SRC_SEL_REC, ch_selsct_reg);
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G = 0 //data register

i
public
poCore (uintd2_t core_base_addr); //constructor
~r.pncnuo, //destructor; not used
/+ methods +/
void write(uins32_t data); //write a 32-bit word
void urita(int bif_value, int bit_pos); //write 1 bit
private:
32t base_adds;
//same as GPO core data

wr_data;

reg
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bass_adix =
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GpoCore : :~GpoCore ()
void GpoCore::write(uint32_t dat:

wr_data = data;

rite(base_addr, DATA_REG, wr_data);

r
void GpoCor ite(int bit_valus, int bit_pos)

bit 'In:n(Ix Tdata, bit_pos, bit_ vn]nn)v
rite(base_addr, DATA_REG, wr
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module debounce_counter

#(parameter §=20) // 2°N + 10ns = 10ms

¢
input logic clk, resst,
output logic ms10_tick
9

//signal declaration

logic [N-1:0] r_reg;
logic [N-1:0] r_next;
// body

7/ register

always_ff a(posedge clk, posedge Taset)

if (reset)
rreg

else
r_reg <= r_mext;

o

// mezt-state logic
assign r_next = r_reg + 1;
// output logic
assign q - r_reg
assign ms10_tick = r_reg:
P 2 T

0;

tick
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dats_p->ser_env(0.00;  // set volume
uv - 105
Zor (12 0; 1 < 1000; 1ee)

adfs p-sser_env(anv);

Slespoms (10);

onv < env / 1.0108; //1.0109%+102(=2v+16

¥

7/ frequency modulation 635-912 siren sound
ags_p->set_env(1.0; // st volume

aass p->set_carrier_freq(538);

for (1-0; 1< 10 { // 10 cycles

for (3 4 0; 3 < 30; jeu) € 7/ sweep 30 steps
adts_p->sot_ottser freq(y + 10; // 10 H: increment
Slespoms (250

3 /7 end 7 loop

Y // end i loop

aafs_posset_otfset_treq(0);

dats poset_env(0.0); | // set volume

Sleepoms (1000);
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‘s register map =/
un {

0 //data register
public:
GpiCore (uint32_t core_base_addr); //comstructor
~GpiCore )3 //destructor; not used
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module chu_debounce_core
#(parameter W = 8, // width of input port
W= 20 /7 #bit for 10-ms tick 2

+ clk period
)

«

input logic clk,

input logic reset,

// slot interface

input logic cs,

input logic read,

input logic srite,

input logic [4:0] addr,
input logic [31:0] wr_data,
output logic [31:0] rd_data,
// external signal

input logic [¥-1:0] ain

// signal declaration
logic [4-1:0] rd_data_reg;
logic ms10_tick;

logic [¥-1:0] db_out;

// body
7/ input_register
always_ff @(posedge clk, posedge reset)
if (reset)
rd_data_reg <
else
rd_data_reg <= din;
// instantiate 10-ms counter
debounce_counter #(.N(N)) db_counter_unit (.%);
// instantiate FSMs
generate
gonvar 1;
for (i=0; i<W; i=i+1)
begin: fem_call_gen

debounce_fsm db_fsm_unit (.+, .btn(din[il), .db(db_out[i1));
end
endgenerate
// read multiplezing
assign rd_datali-1:0] = (addr[0]) 7 db_out : rd_data_reg;
assign rd_datal3t:¥] = 0;
endmodule
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begin

@b = 1015
if (ben)
state_next = ome;
else
if (@st0_vick)
state_next = wait0_2;
end
bogin
@b = 1b1;
if (o)
state_next = ome;
else
if (@s10_vick)
state next = wait0_3;
end
wait0_3
begin
ab = 101
if (ben)
state_next = ome;
else
if (@s10_vick)
state next = zero;
end
default: state_next = zero;
endcase

end
b,
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Slespoms (500);

dats povser_env(1.00;  // set

aats povset_carrier_req(262);
Slespoms (2000);
aats povser_env(0.00;  // set
Slespoms (2000);
J/ woiume control (attenuation)

Ppataxe wiad g %

select
volume

volume

volume

envelope source
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// ghost color selectio

always_comb
case (ge_color_sel
27b00:  ghost_rgb = 12°h£00; // red
2'b01:  ghost_rgb = 12°hf8b; // pink
2°b10: ghost rgh = 12’hfa0; // orange
default : = 12°h0ff; // cyan
endease
// palette table
always_com
case (plt code)
full_rgb = 12°h00 // chroma key
full_rgb 12'1:111 // dark gray
b10:  full_rgb = ghost_. rgh // ghost body color
default: full_rgb ’hff // white
e Jepipiy
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MMM gRONL_fms. LUt
#(
parameter ADDR_WIDTH = 10, // number of address bits
DATANIDTH = 2 // color depth

put  logic
put lnglc

input logic s
put logic perey s
input logic [DATA. i i o] din,
output logic [DATA_WIDTH-1:0] dout
%

// signal decla
To; [mm e 01 ram [0:2¢+ADDR_WIDTH-11;
logic [DATA_WIDTH-1:0] data_reg;

// ghost_bitmap . tzt specifies the initial values of ram
initial
$rcadmenb("ghost_bitmap.txt", ram);
// body
always_ff @(posedge clk)
begi

if (we)
ram[addr_v] <= din
data_reg <= ramladdr_rl;

end
assign dout = data_reg;
PRI e 7Y
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module chu_io_pwm_core
#(parameter W = 6, // width (# bits) of output port
R = 10 // # bits of PWM resolution (i.e., 2°R levels)
)
(
input logic clk,
input logic reset,
// slot interface
input logic cs,
input logic read,
input logic write,
input logic [4:0] addr,
input logic [31:0] wr_data,
output logic [31:0] rd_data,
// external signal
output logic [W-1:0] pwm_out
¥

// signal declaration

logic [R:0] duty_2d_reg [W-1:01;
logic duty_array_en, dvsr_en;
logic [31:0] q_Teg;
logic [31:0] q_next
logic [R-1:0] d_reg;
logic [R-1:0] d_mext;
logic [R:0] d_ext;
logic [W-1:0] pwm_reg;
logic [W-1:0] pwm_next;
logic tick;

logic [31:0] dvsr_reg;

/AR AR AT KRR A R AR KRS RS AR ST R KRR K
// wrapping circuit
Y
// decoding
assign duty_array_en - cs && write && addr [41;
assign dvsr_en = cs && write && addr=-5’b00000;
// rTegister for divisor
always_ff @(posedge clk, posedge reset)
if (reset)
avsr_reg <= 0;
else
if (dvsr_en)
dvsr_reg <- wr_data;
// register file for duty cycles
always_ff @(posedge clk)
if (duty_array_en)
duty_2d_regladdr[3:0]] <= wr_datal[R:0];
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module sin_rom

2
paramoter DATA_WIDTH
ADDR_WIDTH

16, // number of bits
&' /7 number of address bits

)
«

input logic clk,

input logic [ADDR_WIDTH-
output logic [DATA_WIDTH-:

¥

addr_r,
aout

// signal_declaration
logic [DATA_WIDTE-1:0] ram [0:2++ADDR_WIDTH-11; // ascending range

logic [DATA_WIDTH-1:0] data_reg;

initial
Sroadmemh (*sin_table.txt®, ram);

// sin_table. izt specifies the sin() lookup table

7/ sin((2+pi/256)sn) + 2°16 where n = 0, ..., 255

77 0000 0324 0648 096b 0csc 0fab 12¢8 1502

7/ 1879 1c0c 1f1a 2224 2528 2827 2b1f 211

/7
7/ €107 cate cd3s 055 {374 [695 [9b8 fede

// read operation
always_ff a(posedge clk)
begin

data_reg <= ramladdr_rl;
end
assign dout = data_reg;
endmodule
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// multi—bit PWM
SRR AR AR AR AR A R RR R TR AR AR KD RR R
always_ff ¢(posedge clk, posedge reset)
if (reset) begin
qreg <= 0;
a_reg <=
pvn_reg
end
else begin
q_reg <= q_mext;

d_reg <= d_mext;
pum_reg <= pwm_mext;
end
// "prescale” counter
assign q_next = (q_reg==dvsr_reg) 7 0 : q_Teg + 1;

assign tick = g_re,
// duty cycle counter
assign d_mext - (tick) 7 d_reg + 1 : d_reg;
assign d_ext = {1°b0, d_reg};
// comparison circuit
generate
genvar 1;
for (1=0; 1<W; 1=1+1) begin
assign pvm_next[1] = d_ext < duty_2d_reglil;
end
endgenerate
assign pwm_out - pwm_reg;
// read data not used
assign rd_data = 327b0 ;
endmodule
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#(parameter P = 30) // widih of phase accumulator
¢
input logic clk, reset,
input logic [PW-1:0] fccw, // carrier frequency control word
input logic [PU-1:0] focw, // frequency offsct control word
input logic [P-1:0] pha, // phase offset
input logic [15:0] sav, ~ // envelope
output logic [15:0] pea’out,
output logic pulse_out
E

// signal declaration
logic [PV-1:0] fcw, p_next, pew;
logic [PN-1:0] p_reg;

logic [7:0] p2a_raddr;

logic [15:0] amp;

logic signed [31:0] modu;

logic [15:0] pen_rog;

// body
7/ instantiate sin ROM
Sin_ron rom_unit
(.clk(clk), .addr_r(p2a_raddr), .dout(amp));
// phase_register and output buffer
always_ff 0(posedge clk, posedge reset)
if (reset) begin
preg <= 0;
pen_teg <= 0
end
else begin
p.reg <= ponext;
pem_teg <= modul28:141;
end
// frequency modulation
assign fow - fecw + focy;
// phase accumulation
assign p_next - p_reg + fev;
// phase modulation
assign pew = p_reg + pha;
// phase to amplitude mapping address
hssign p2a_radar = pew [PH-1:PH-81;
// amplitude modulation
assign modu = Ssigned(env) + §signed(amp);
assign pem_out = pen_reg;
assign pulse_out = p_reg[P¥-1l;
it
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module pwn_enhanced
#(parameter R=10)

«
input
input
input
input

logic
logic
logic
logic

output logic

%

// declaration

clk,
reset,
1 dqusy,
1 avst,
pvz_out

logic [R-1:0] d_reg, d_mext;
logic [R:0] d_ext;

logic pwm_reg, pwm_next;
logic 01 g_reg, q_mext;
logic ;

// body

always_ff @(posedge clk, posedge
if (reset) begin

d_reg

T

pvn_reg <= 0;
qreg <= 0;

—1

reset)
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else begin
d_reg <= d_mext;
pwm_Teg <= pwm_mext;
q_reg <= q_mext;
end
// "prescale” counter
assign q_mext - (q_reg
assign Tick - q_reg
// duty cycle counter
assign d_nmext = (Tick) 7 d_reg + 1 : d_reg;
assign d_ext = {1°b0, d_reg};
// comparison circuit
assign pwm_nmext = d_ext < duty;
assign pwm_out - pwm_reg;
sridniadule

avsr) 7 0 : q_reg + 1;
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class PwmCore {
enun {
DVSR_REG = 0x00,
DUTY_REG_BASE = 0x10
¥
enun {
RESOLUTION_BITS = 10,
MAX = 1 << RESOLUTION_BITS
35
public:
PunCore (uint32_t core_base_addr);
~PwnCore ();
vold set_freq(int freq);
void set_duty(int duty, int chamnnel);
void set_duty(double T, int chamnel);
private:
u1int32_t base_addr;
}
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ARN "W,
int pattern=0x0055;
sw = *(0xc0000180);
+(0xc0000100) = pattern;





OEBPS/Images/image00782.jpeg
PwnCore::PwmCore(uint32_t core_base_addr) {
base_addr = core_base_addr;
set_freq(1000);

i

PunCore::~PwmCore () { }

void PwmCore::set_freq(int freq) {
uint32_t dvsr;
avsr - (uint32_t) SYS_CLK_FREQ * 1000000 / MAX / freq;
io_write(base_addr, DVSR_REG, dvsr);

void PwnCore
uint32 v d;

set_duty(int duty, int chanmel) {

if (duty > MAX) {

d = MAX;
} else {
a = auty;

¥
io_write(base_addr, DUTY_REG_BASE + chanmel, d);

void PwmCore::
int dut

set_duty(double f, int chanmel) {
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agdr_riaddr_x), du\lt(plt Eenda )l
ign addr_r - {sid, yr[3:01, xr[3:01};

// ghost color control

// ghost color selection
.nlways ity
se color_sel)
ghost_rgb = 127h£00; // red
ghost 122nseb; 7/ pink
. ghost_ rgh - 12'Bfa0; // orange
ghost_rgb = Jz’hoif, // eyan

27b1
defaul
endcase
// palettc tabl
always_comb
case (pl
12'h000;  // chroma key
12'h111;  // dark gray
ghost_rgh; // gh e body color
127hets;

calculation

b0, x}) - $signed({1°b0, x01);

y}) - $signed({1°b0, yO1);
1

= xr) &k ( <n SIZE) && (0<=yr) k& (yr<V_SIZE));
n 7 full : KEY_COLOR;

e

assign c_mext = (frame_tick &k c_reg==9) ? 0
(frame_tick) ? c_reg + 1
cxees

// oty tiek fv'om f

assign frame_tick
Fprite; animation

assign ani_

Vi sprite o

assign si

[/xrrrrsrasanrires

// delay 1

asslgn sprite_rgh - out_rgb_di_reg;
RS
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duty = (int) (f * MAX);

//debug (" set_duty_f: *, [, duty);
set_duty(duty, chammel);
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module ds_1bit_dac
#(parameter ¥=16) // width of input
¢
input logic clk, resst,
input logic [¥-1:0] pem_in,
output logic pdm_out
3%

// declaration
localparam BIAS = 2es(i-1); //{1'b1, (W-2){1'b0}};
logic [¥:0] pem_biased;

logic [¥:0] acc_next;

logic [¥:0] acc_reg;

// body
7/ shift the range from [~2°(W-1)-1, 2°(W-1)~1] to [0, 2°W-1)]
assign pem_biased = {pca_in[¥ - 11, pem_in} + BIAS;
// signal ircated as unsgined number in delta—sigma modulation
Assign acc_mext = {1’00, acc_regl-1:0]} + pem_biased;
// accumulation register
always_ff (posedge clk, posedge reset)
if (reset)
acc_reg <= 0
else
acc_rog <= acc_next;
// output
Assign pdn_out = acc_reglWl;
P R
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R i e
#(parameter // col or depth

mnn,umm
KEY_COLOR

«
input logic clk, reset,
// frame counter

ogic
lnglc writ
logle [13:0] adar,

i logic [31:0] wr_data,
// stream interface

input logic [11:0] si_rgb,
output logic [11:0] so_rgb

0%

// delaration
logic wrien; wr.ram; wr.reg: wr.ctrl; wr-bypass; wr:x0; wr._yd
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B gRDEL_RY
#(
parameter CD - 12, // color depth
ADDR = 10,  // number of address bits
KEY_COLOR =0 // chroma key

logic clk,
logic [10:0] x, y, and  y—coordinate
logic [10: n] .50, // origin e
logic [a: u] ctrl, prite control

logic [ADDR-1:0] addr v,
logic [1:0] pixel_in,

// pizel output

output logic [CD-1:0] sprite_rgb
)

// localparam declaration
localparam H_SIZE = 16; // horizontal size of sprite
localparam V_SIZE = 16; // vertical size of sprite

// relative z/y position

// sprite id

1 out_rgb_dt_teg;
ge_color_sel;
101 ge

c_color_sel = ctrl[4:3];
8 g€ 1 vt = cerlEl
aasiEn miks = =t 0203

J/rmrres
7/ sprite RAM

J/rueres

7/ instantiate sprite RAM

SRR #(. ADDR_WIDTH(ADDR), .DATA_WIDTH(2)) ram_unit
x). .wolue). addy sleadr.9). .dintolesl In) .
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zero: begin
if (sw) bogin
state_next = waiti;
q-load = 1°b1;
end
end
waiti: begin
if (sw) bogin
q_dec = 171
if (q_zero) bogin
state_next = ome;
ab_tick = 17b1;
ond
end
else // su==0
state_next = zero;
end
ona: begin
db_level = 17b1;
if (“sw) bogin
state_next = wait0;
q-load = 1°b1;
end
end
wait0: begin
db_level = 17b1;
if (sw) bogin
q.dec = 17b1;
if (q_zero)
state_next = zero;

state_next = ome;
end
default: state_next = zero;
endease
end
s 2
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#include "adsr_core.h”

AdsrCore::AdsrCore(uint32_t adsr_base_addr, DdfsCore +ddfs) {
base_addr = adsr_base_addr;
_dafs - ddfs;
initO;
select env(1);
3
AdsrCore::~Adsrlore () {
3 // mot used

void AdsrCore::init() {
_ddfs->set_env_source(1); //select external emv source (i.c., adsr)
ddfs->set_fow_source (0);
_ddfs->set_pha_source (0);
7/ set note C
ddfs->set_carrier_freq(262);
ddfs->set_offset_freq(0);
ddfs->set_phase_degree (0);
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addr = {1’b0, y[8:0], 97b000000000} +
{3°b000, y[8:0], 7’b0000000} + x;
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module debounce
«
input logic clk, resst,
input logic sw,
output logic db level, db_tick

+ 20ms

// number of counter bits (2
localparam N=22;
// fsm state type
typedet enum {zero, wait0, ome, waiti}

40ms)

state_type;
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int AdsrCore::idle() {
int idle_bit;

idle_bit = (imt) io_read(base_addr, 0) & 0x00000001;
return (idle_bit);

¥

void AdsrCore::start() {
// write a dummy data to generate a start pulse
io_urite(base_addr, START_REG, 0);

%

void AdsrCore::abort() {

// write 0 to attack register

io_urite(base_addr, ATK_REG, (uint32_t )STOP_PATTERN);
2

void AdsrCore::bypass() {

ams = BYPASS_PATTERN;

io_write(base_addr, ATK_REG, (uint32_t )BYPASS_PATTERN);
%

void AdsrCore::set_env(int attack_ms, int decay_ms, int sustain_ms,

int relsase_ms, float sus_level) {

ams = attack.ms;
dns = decay_as;
sms = sustain_ms;

rms = release ms;
slevel = sus_level;
write_adsr_reg();

¥

void AdsrCore::select_snv(int n) {
switch (n) {

case 1:
set_env (100, 50, 100, 50, 0.9);
break;

case 2:
set_env(10, 50, 100, 100, 0.9);
braak

default:
set_env(10, 200, 100, 100, 0.1);
break;

L

return;

3%

void AdsrCore::write_adsr_reg() {
wint32_t nc, step, sus_abs;
//# clocks per ms = 0.001 / (1/(SYS.CLKFREQ+1000000))
const uint32_t clks - SYS_CLK_FREQ » 1000;

if (ams == BYPASS_PATTERN) {
io_write(base_addr, ATK_REG, (uint32_tv )BYPASS_PATTERN);
return;

»

if (ams == STOP_PATTERN) {

io_write(base_addr, ATK_REG, (uint32_tv )STOP_PATTERN);
return;
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void sw_ check(GpnCoxs +led_p, GpiCore *sw_p) {

int 4,
s 2d O3
for (i = 0; i < 50; i+) {

e v,
led_p- Seuie (o).
leop_ms (11

y

void uart_check() {
static int loop =

isp_str(“uart test #°);
wart. dup nun (1oop) ;

wart. dup str("\n\r")
1o

y

// instantiate switch, led

GpoCnxa led(gec_slot_addx (BRIDGEBASE, S2.LED));
w(get_slot_addr (BRIDGE_BASE, S3_SW));

int main()

while (1) {
timer_check (£1ad);
led_ chack(llnd 16);
su_chack (& Esw);
ze chnck()
g ("main tch value / up vime : ", sw.read(), mow_ms());
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state_next = idle;

end
endease

end

assign adsr_idle = fsm_idle;

// special cases

assign env_i - (atk_step == BYPASS) 7 MAX
(atk_step == ZERO) ? 3270
a_reg;

assign env = {17b0, emv_i[31:17]
endmodule
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void osd_check(0sdCore sosd_p) {
osd_p->set_color (0x0£0, 0x001); // dark gre/ green
osd_p->bypass (0);
osd_p->clr_scraen();
for (int i = 0; 1 < 64; ie) {
0sd_p->wr_char(8 + i, 20, 1);
0sd_p->vr_char(8 + 1, 21, 64 + 1, 1);
sloep_ms (100);
1
sleep_ms (3000 ;
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module debounce_explicit
¢
input logic clk, reset,
input logic sv,
output logic db_level, db_tick
0

// number of counter bits (2°N x ions = 4oms)
localparam 1=22;
/7 fsm state tpe
typedef enum {zero, wait0, ome, waiti} state_type;

// signal declaration
State_type state_teg, state_next;
logic [N-1:0] q_reg, qmext;;
logic q_zero;

logic q_load, q_dec;

// body
// fsmd state & data registers
always_ff a(posedge clk, posedge reset)
if (reset)
bogin
state_teg <= zero;
q.rag <= 0;
end
else
bogin
state_reg <= state_next;
q.reg <= q.next;

end
// FSMD data_path (counter) nest—state logic
assign q.next = (q-load) 7 (K{1'b1}} : // load 1.1
(q_dec) 7 qreg - 1 : // decrement
q-reg;

// status signal
assign q_zero = (q_next==0);

// FSMD control path nert—state logic
always_comb

bogin
state_next = state_reg; // default state: the same
q-load = 17b0; 7/ defoult output: 0
q dec = 1700; 7/ default output: 0
db_tick = 17b0; 7/ defoult output: 0
b level = 1700;

caso (state_reg)
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for (1 = 0; 1 < 5; 1++) {

debug("timer check - (loop #)/mow: ", i, mow_ms());
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#ifndef _ADSR_H_INCLUDED
#define _ADSR_H_INCLUDED

#include "chu_init.h"
#include "ddfs_cora.h”

class AdsrCore {

public:

enun {
START_REG = 0,
ATK_REG = 1,
DCY_REG = 2,
SUS_REG = 3,
REL_REG = 4,
SUS_LEVEL_REG = §

3

enun {

MAX = OxTEffffff,
BYPASS_PATTERN = Oxffffffff,
STOP_PATTERN 000000000

AdsrCore(uint32_t adsr_base_addr, DdfsCore +ddfs);
“RdsrCore )3 // mot used
void init();
int 1dleO);
void start();
void abort ();
void bypassO);
void select_env(int n);
int calc_mote_freq(int oct, imt mi);
void play_nmote(int mote, inmt oct, int dur);
private:
uint32_t base_addr;
/+ current envelope parameters +/
int ams, das, sms, rms;
float slevel;
/+ DDFS instance +/
DafsCore »_ddfs;
/+ method =/
void write_adsr_reg();

#endif // _ADSRHINCLUDED
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module vga_ram
#(parameter DV = 9) // data width
«
input logic clk,
input logic we,
input logic [18:0] addr_w,
input logic [18:0] addr_r,
input logic [DW-1:0] data_w,
output logic [DW-1:0] data_r
b

// signal declaration
logic [DW-1:0] data_r_256k, data_r_64k;
logic we_ 256k, we_64k;

// body

// instantiate 64K RAM

sync_rw_port_ram #(.ADDR_WIDTH(18), .DATA_WIDTH(DW)) ram_256k_unit (
.clk(clk), .we(we_256k), .addr_w(addr_w[17:0]), .din(data_w),
.addr_r(addr_r[17:0]), .dout(data_r_256k)

%5

// instantiate 256K RAM

sync_rw_port_ram #(.ADDR_WIDTH(16), .DATA_WIDTH(DW)) ram_64k_unit (
.clk(clk), .we(we_64k), .addr_w(addr_w([15:0]), .din(data_w),
.addr_r(addr_r[15:0]), .dout(data_r_64k)

ds

// read data multiplezing

assign data_r = (addr_r[18]) 7 data_r_64k : data_r_256k;

// write decoding

assign we_256k = we & ~addr_w(18];

assign we_64k = we & addr_wl18];

‘endmodule
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case (state_reg)
st:
begin

di_next =

end
s2:
begin
42_next

end
s3:
begin

43_next

end

bo* oo
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case (state_reg)

st:
begin
int = a;
in2 = b;
di_next = m_out;
end
s2:
begin
int = b;
in2 = c;
42_next =
end
s3:
begin
int = a;
in2 = c;
43_next = m_out;
end
endease

// explicit description of a single multiplier
// outside the always block
assign m_out = ini = in2;
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// signal declaration
State_type state_teg, state_next;
logic [N-1:0] q_reg, q.mext;

// body

// fsmd state & data registers

always_ff a(posedge clk, posedge reset)
if (reset)

begin
state_reg <= zero;
q_reg
end
else
bogin
state_reg < state_next;
q.reg <= q.next;
end

// neat—state logic & data path functional units/routing
always_comb

bogin
state_next = state_reg; // default state: the same
q_next 7/ default q: unchnaged
db_tick 7/ default output: 0

b level = 1700; 7/ default output: 0
caso (state_reg)
zero: begin
if (sw) bogin
state_next = waiti;
q_next = {N{1’b1}}; // load 1.1
ond
end
waiti: begin
if (sw) bogin
q_next
if (gq_nex
state_next = ome;
ab_tick = 17b1;

state_next = zero;
end
one: bogin
db_level = 17b1;
if (sw) begin
state_next = wait0;
q_next = {N{1’b1}}; // load 1.1
ond
end
%aito: begin
db_level = 17b1;
if (sw) begin
qnext = q.reg - 1;
if (g next==0)
state_next = zero;

state_next = ome;
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// instantiate the core instance as an external variable
GpoCore led(get_slot_addr (BRIDGE_BASE, S2_LED));

// call the function in main()

int main() {

led_check(kled, 16); // invoke the test function
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// comvert sustain level in absolute value

Sus_abs - (unsigned int) MAX  slevel;

io_write(base_addr, SUS_LEVEL_REG, (uint32_t )sus_abs);

// convert attack time (in ms) into envelope increment step
nc - ams » clks;

step = MAX / nc; // increment step
it (step == 0)
e
io_urite(base_addr, ATKREG, (uint32_t )step);
dobug (*ader set - sus_lavel/atk.step: ", sus.abs, step);

// convert decay time (in ms) into envelope decrement step
nc - dms » clks;
step = (MAX - sus_abs) / nc;
if (step == 0)
step = 1;
io_write(base_addr, DCY_REG, (uint32_t )step);
// convert sustain time (in ms) into #clocks

ne = sms » clks;
io_write(base_addr, SUS_REG, (uint32_t Jmc);
debug("adsr set - sus_time/dcy_step: ", mc, step);

// convert release time (in ms) into envelope decrement step
ne - rms » clks;
step = sus_abs / nc;
if (step == 0)
step = 1;
io_write(base_addr, REL_REG, (uint32_t )step);






OEBPS/Images/image00569.jpeg





OEBPS/Images/image00690.jpeg
processor

T

T

10 core

10 core





OEBPS/Images/image00811.jpeg
sclk (mode )
€pol=0, cpha=0

sclk (mode 1)
€pol=0, cpha=1

sclk (mode 2)
cpol=L, cpha=0

sclk (mode 3)
cpol=1, cpha=1

)_E one clock period

anc M‘memxmi

firstclock period starts
last clock period ends






OEBPS/Images/image00932.jpeg
fin=2%xf





OEBPS/Images/image00812.jpeg
o T\,
annmsx»»x»sr»zxwak s
et | TLALPLALLLT nn
T

one transaction





OEBPS/Images/image00933.jpeg
finz=(@F) 2 f; =25 f;





OEBPS/Images/image00452.jpeg
casez (s)

3biti: y = 17b1;

3b177 17b0;

375000 17b1;

default: y = 17bx; // y gets don’t—care
endecase
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void adsr_check(AdsrCore *adsr_p, GpoCore *led_p, GpiCore *sw_p)

comst int melody[l = {0, 2, 4, 5, 7, 9, 11 };
int i, oct;

adsr_p->init );
// o adsr envelope and play one octave
2dsr_p->bypass ();
for (i = 0; i <7; i+ {
led_p->write(bit(i));
adsr_p->play_note(melody[il, 3, 500);
sleep_ns (500 ;
¥
adsr_p->abort O0;
sleep_nms (1000);
// set and enable adsr envelope
7/ play 4 octaves
2dsr_p->select_env(sw_p->read());
for (oct = 3; oct < 6; oct++) {
for (i =0; i <7; i+ {
led_p->urite(bit(i));
adsr_p->play_note (melody[il, oct, 500);
sleep_ms (500);

¥

]

led_p->write(0);

// test duration

Sleep_nms (1000);

for (1= 0; i < 4; i+ {
adsr_p->play_note(0, 4, 500 * i);
sleap_ms (500 * i + 1000);
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module fib
«
input logic clk, reset,
input logic
input logic
output logic ready, dome_tick,
output logic [19:0] £
35

// fsm_state type
“ypedet enum {idle, op, done} state_type;

// signal declaration
State_type state.reg, state_next;

logic [19:0] ©0_reg, t0_mext, t1reg, timext;
logic [4:0] n_reg, n_mext;

// body
7/ FSMD state & data registers
always_ff a(posedge clx, posedge reset)
if (reset)
begin
state_reg
©0_Teg

state_reg <= state_next;
©0_Teg <= tO_mext;
©1lreg <= timext;
n_Teg <= n_maxt;

end

// FSMD mezi-state logic

always_comb,

begin

state_next = state_reg;
ready = 1700;
dome_tick = 17b0;
t0_next = tO_Teg;
t1lnext = tiireg;
n_next = n_reg;
case (state_reg)
1dle: bogin
ready = 17b1;
if (start) bogin
©0_next = 0;
t1 next
n_zext
state_next
end
end
op: begin
if (n_reg
1 next
state_next
end
else if (n_re
state_mext
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int AdsrCore
i
// frequency table for octave 0
const float NOTES[1={
16.3516, // 0C

alc_note_freq(int oct, int ni)

17.3239, 7/ 1Gf
18.35a1, // 2D
19.4488, // 3D
20.6017, // 4 E
21,8268, // 5 F
23.1247, // 6 B
24,4997, 7/ 7@
25.9565, // 8 Gf
27.5000, 7/ 94
20.1352,  // 10 A%
30.8677  // 11 B
i

int freq;

freq = (unsigned int) NOTES[mil * (1<<oct);
Teturn(freq);
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void AdsrCore
int sus_tmp;
int fraq;

play_note(int note, imt oct, imt dur)

freq = calc_note_fraq(oct, note);
_ddfs->set_carrier_freq(freq);

sus_tmp - dur - (ams + dus + rms);

if (sus_tmp <= 0) {
// sustain time must be greater than 0
sus_tap - 10;

b

set_onv(ams, dms, sus_tmp, rms, slevel);

// start envelope

jo_write(base_addr, START_REG, 0);
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else
if (a_vick)
state_next
waiti 3
if )
state_next
else
if (a_vick)
state_next
begin
ab = 17b1;
if Csw)
state_next =
end
waito_1
begin
@b = 11
if (sw)
state_next
else
if (a_vick)
state_next

end
waito_2
begin
@b = 17015
if (s
state_next
else
if (a_vick)
state_next
end
waito_3
begin
ab
if,

1015
()
state_next
else
if (a_vick)
state_next
end
default
endease
end
endmodule

state_next =

wait1.3;

vaito_1;

= vaizo_2;

= vaizo3;
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void debounce_check(DebounceCore +db_p, GpoCore +led_p) {
long start_time;
int bta_old, ablold, bramew, dbnew;
int b
int 4
wine3z s pen;

start_time = now_msQ);
btn_old = db_p->read();
4b_0ld = db_p->read_dbO);
do {
btn_new = db_p->read;
db_new = db_p->read_dbO);

if (btn_old 1= ben_mew) {
b=b o+
bin_old = bin_new;

1

if (db_old 1= db_new) {
a=d+1
db_old = db_new;

1

Ptn = d & 00000000f;
ptn = ptn | (b & 0X0000000f) << 4;
Led_p->write(ptn);

} while ((mow_ms() - start_time) < 5000);
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0x00000001, //bit 0 of ctrlreg; enmable
0x00000002  //bit 1 of ctrl_reg; clear

erCore(uint32_t core_base_addr); //constructor
TimerCare): //destructor; not used
//resumz counte

Votous the wosste

J/retricve # clocks zlup.(ed

//read time elapsed (in microsecond)
//idle for us microseconds

uint32_t bass_addr;
32t ctrl; // current state of ctrl_reg
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module led_muxg
«
input logic clk, resst,
input logic [7:0] i3, in2, imt, im0,
input logic [7:0] in7, in6, in, ind,
output logic [7:0] an, // enable, 1-out—of-8 asserted low
output logic [7:0] sseg // led segments
P

// constant declaration
7/ refreshing rate around 1600 Hz (100MH:/2"16)
localparam ¥ = 18;

// declaration
logic [N-1:0] q_reg, q_mext;

// N-bit counter

7/ register

always_ff a(posedge clk, posedge reset)
if (reset)

q-reg
else

q.reg <= qmext;

o

// mezt-state logic
assign q_next = q.reg + 1;

// 3 MSBs of counter to control 5-to—1 multiplezing
7/ and to gemerate active—low enable signal
always_comb.
unique case (q_reg[N-1:N-31)
375000: begin
an = 8b1111_1110;
sseg = 1n0;
end
37b001: begin
an = Bb1111_1101;
sseg = ini;
end
37b010: begin
an = 8b1111_1011;
sseg = 1n2;
end
37b011: begin
an = 8b11110111;
sseg = 1n3;
end
37100: begin
an = 8b1110_1111;
sseg = 1nd;
end
37b101: begin
an = 8b1101_1111;
sseg = 1n5;
end
37110: begin
an = 8b1011_1111;
sseg = 1n6;

bogin
an = 860111 1111;
sseg = 1n7;
end
endease
endmodule
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module font_rom

#(

paramoter DATA_WIDTH
ADDR_WIDTH

)

«

input logic clk,
input logic [ADDR_WIDTH-1:0] addr,
output logic [DATA_WIDTH-1:0] data

// declaration
logic [DATA_WIDTH-1:0] rom [0:2++ADDR_WIDTH-1];
logic [DATA_WIDTH-1:0] data_reg;

// font.tz specifies the initial values of ram
initial
$readmemd (*font. txt®, rom);

// body
always_ff a(posedge clk)
data_reg <= romladdr];
assign data = data_reg;
endmodule
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lwnn Bepauncavaen &
/+ register map =/
enun {
NORMAL_DATA_REG = 0,
DE_DATA_REC = 1
2%
publi.
DebouncaCors (uint32_t cors_base_addr);
~DabouncaCors )
uinta2_t read ()
int read(int bit_pos);
uint32.t read_dbO);
int read_db(int bit_pos);
private
uint32_t base_addr;

14
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module db_fsn
¢
input logic clk, reset,
input logic sv,
output logic db
)

// number of counter bits (2°N+ 10ms = 10ms tick)
focalparam & =20;
// fsm_state wpe
typedet enum {
zoro, waitii, vait1 2, vait13,
one, waito 1, vaito 2, vait0 3
3 state_type;

// signal declaration
State_type state_teg, state_next;
logic [N-1:0] q_reg;

logic [N-1:0] q_next;

logic m_tick;

// body
R
7/ counter to gemerate 10 ms tick
e
always_ff @(posedge clx)

q_reg <= q.mext;
// mest—state logic
assign qnext = q.reg + 1;
// output_tick

assign m_tick = (q_reg==0) 7 1’b1 : 1'b0;

G
// debouncing FSM
P
J/ state register
always_ff a(posedge clk, posedge reset)
if (reset)
state_reg <= zero;
else
state_reg <= state_next;

// mezt—state logic and output logic
always_comb

begin
state_next = state_reg; // default state: the same
ab = 1b0; 7/ default output: 0
caso (state_reg)
if ()
state_next = waitii;
vaiti 1
i ey
state_next = zero;
else
if (@_vick)
state_next = wait1 2;
vaiti_2:

i Csw)
state_next = zero;
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uint32_t GpiCore::read() {
return (io_read(base_addr, DATA_REG));

int d(int biv_pos) {
\unr.32 % o a.u - looread(beseaddr, DATAREG);
bit_read(rd_data, bit_pos));

turn ((int)





OEBPS/Images/image00796.jpeg
DebounceCore
base_addr

DebounceCore (uint32_t core_base_addr) {
core_base_addr;

3

DebounceCora : :“DebounceCore ) {

uint32_t DebounceCors::read() {
return (io_read(base_addr, NORMAL_DATA_REC));
3

int DebounceCore::read(int bit_pos) {
uint32_t rd_data = io_read(base_addr, NORMAL_DATA_REC);
return ((imt) bit_read(rd_data, bit_pos));

3

uint32_t DebounceCore::read_db() {
return (io_read(base_addr, DE_DATA_REG));
3

int DebounceCore::read_db(int bit_pos) {
uint32_t rd_data = io_read(base_addr, DB_DATA_REG);
return ((imt) bit_read(rd_data, bit_pos));
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#ifndef _SSEG_CORE_H_INCLUDED
#define _SSEG_CORE_H_INCLUDED

#include "chu_init.hv

class ssegcors ¢
public:
enun
DATA_LOW REG - 0,
DATA HICH REC - §
Y
SiegCore (uints2.t cors_base.sddr);
“ssegoore(); // not_used
void srite.ipta(uintet patters, imt pos);
void write spra(uintec spraariey)
Toid st ap(uintec pi);
winte.t hes(ize nem):

private
uints2_t base_addr;
uinte_tv prabut(8]; // led pattern buffer
1n18_% dp; 7/ decimal point
/+ methods =/
Yoid writeled;  // write patterns to reg
¥

#endif // _SSEG.COREH_INCLUDED
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#define UART_SLOT ot
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// timing functions
Mt aatt Tong ek w03
S Tims B0,
id sleep. (un:)gned long int ©);
loep_ms ed long int ©);

// define debug function
o duh\lg nff().

comst char str, int ml, int 12);
#ifndef _DEBUG

#define debug(str, m1, n2) debug_off()

#endif

#ifdef _DEBUG
#define debug(str, ni, n2) debug_on((str), (mi), (a2))
#endif

// low—level bit—manipulation macros
#dofine biv_set(data, n) ((data) I= (1UL << (n

)
#dofine bit_clear(data, n) ((data) << (@)
#define bit_toggle(data, n) (( (UL << ()
#dofine bit_read(data, m) (((data) %01
t_write(data, n, hu:v.n]ne) N
(Bt B et bit_clear (data,

#dofime bit(n) (1UL << ()

n))
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module debounce_test
¢
input logic clk, reset,
input logic [1:0] ben,
output logic [3:0] an,
output logic [7:0] sseg
2

// signal declaration
logic [7:0] b_reg, d_reg;

logic [7:0] b_mext, d_next;

logic bta_reg, db reg;

logic db_level, db_tick, ben_tick, clr;

// instantiate 7-seg LED display time—multiplezing module
4isp_nex_mux disp_unit
C.clk(clk), .Teset(reset),
“hex3(b_regl7:41), .hex2(b_regl3:
-hext(d_reg[7:4]), .hex0(d_reg[3
4p_in(2’b1011), lan(am), .sseg(sseg));

// instantiate debouncing circuit
@b_fsm ab_unit
C.clk(elk), .reset(reset), .sw(btnl1]), .db(db_level));

// edge detection circuits
always_ff @(posedge clk)
begin
btn_reg <= bral1l;
dab_reg <= db_level;
end
assign btn_tick
assign db_tick
// wo counters
assign clr = beafo];
always_ff a(posedge k)

“btn_reg & bin[1l;
“ab_reg & db_level;

bogin
b_reg <= b_next;
alreg <= d mext;
end
assign b_next = (clr) 7 8700
(btn_tick) 7 breg + 1 : b_Teg;
assign d_next = (clr) 7 8700
(@b_tick) 7 d_reg + 1 : d_reg;

endmodule
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BLUIREST £ cave_pasd aders 1
_base_addr;

ite(base_addr, CTRL.REG, ctrl); // enable the

“TimerCore O { }

TimerCore

.

void TimerCo:
U/ coses omabie et
1 - ctrl & "GO_I mm
o (base_addr, CTRL_REG, ctrl);
y

void TimerCo: 00 <
Ui vis ewable Wi 0 3
s EaiEn
io_write(base_addr, CTRL_REG, ctrl);

y

void TimerCore::clear() {
wint32_t wdata;

car_bit to generate a t—clock pulse

// o bty nercnse affect ctrl
wdata = ctrl | CLR_FIELD;
ddr , CTRL.

io_write(base_ac _REG, wdata);

timer
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module chu_led_mux_core
¢
input  logic cik,
input logic reset,
// slot_interface
input logic cs,
input logic read,
input logic srite,
input logic [4:0] addr,
input logic [31:0] wr_data,
output logic [31:0] rd_data,
// erternal ports
output logic [7:0] sseg, an
¥

// declaration
logic [31:0] o_reg, di_reg;
logic wr_en, wr_do, wr_at;

// instantiate led multplering circuit
1od_nux8 led_muxs_unit (
-clk(clk), .reset(reset),
-in7(d1_reg[31:24]), .1n6(d1_regl23:161),
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module osd_src

£
parametor C - 12, J/ color depth
KEY_COLOR =0 /) chroma key
)
¢
iput logic clr,
input logic [10i0] x, y, // z-and y-coordinate

// tile ram write_port
input logic [6:0] xt,

input logic [4:0] yt,
input logic [7:0] chin, // char data
input logic we cn, // char write enable

// forground /background color of char tile
fnput  logic [cp-1:0] tromc_rgh, back_rgb,
7/ vizel outpu

output logic [cD-1:0] osd_rgd

%





OEBPS/Images/image00558.jpeg
I
.





OEBPS/Images/image00679.jpeg
BIRNER S TINAENGLS.
64t

maa tick€) 1
upper, lower;

lower = (uint6: o_read(base_addr , COUNTER_LOWER_REG);
Soper - Cigigr e AT Xoas(bae g, COUNTRR PPRECRAG)
x ower);

sturn ((upper << 32) |

uint64_t TimerCore::read_time() {
e o microseconds (SYSFREQ in M)
rn (read_tick() / SYS_CLK_FREQ);

void TimerCore::sleep(uint64_t us) {
uint64_t start_time, mow;

start_time = read_time();
// busy waiting
@ ¢
now = read_time();
3 while ((now - start_time) < us);
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.in6(di reg[15:8]), .ind(di regl7:01),
©in3(d0 reg[31:241), in2(d0_reg[23:16]),
Cin1(d0 reg[15:81), . in0(d0 reg[7:01),
sseg(sseg), .an(an)

// registers

always_ff a(posedge clk, posedge raset)
if (reset) bogin
40_reg <= 0;
a1lreg <= 0}

end
else begin
if (ur_do)
40_Teg <= wr_data;
if (ur_at)
41 Teg <= wr_data;
end

// decoding

assign ur_do = write & cs & ~addr[0;
assign ur_dl = vrite & cs & 2ddr[0];
// read_data (unused)

“ssign rd_a
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// localparam_declaration
localparam NULL_CHAR = 7’b0000000;
// stgnal delaration

77 font ROM

logic [6:0] char_addr;

logic [10:0] ron_adar;

logic [3:0] rov_addr;

logic [2:0] bit_addr;

logic [7:0] font_word;

// char tile RAM

logic [11:0] addr_w, adar.r;
logic [7:0] ch_raz_out;

logic [7:0] ch_ai_re;

// delay line

logic [2:0] x_delayireg, x_delay2_reg;
logic [3:0] y_delayi_reg;

// other signals

logic font_bit, rev_bic;

logic [cD-1:01 f_rgb, b.rgd, p_rgd;

7/ body
7/ instantiation

7/ instantiate font ROM

font_rom font_unit (

“Glk(elk), .addr (rom_addr), .data(font_word));
// instantiate dual pori tile RAM (2°12—by-5)
Sync_rw_port_ram #(.ADDR_WIDTH(12), .DATA_WIDTH(3)) text_ram_unit (

~elk(ein)

// write from main system

“%e(ve_ch), .addr_v(addr_v), .dinCch_in),

7/ read to vga

“addr_r (addr_r), .dout (ch_ram_out)

o
// tite RAM write
assign addr_v = {yc, x1};

7/ delay—line registers
always_ff 6(posedge clk) begin

y_delayi_reg <= y[3:01;

x_delayl_reg <= x[2:0];

X_delay2_reg <= x_delayi_reg;

ch_di_reg <= ch_ram_out;
end
7/ wizel data read
7/ tile RAM address
Assign addr_r = (y[8:4], x[9:31};
assign char_addr = ch_ram_out[6:01; // 7 LSBs (ascii code)
// font ROM
Gssign rou_addr = y_delayi_reg;
assign rom_addr = {char_addr, row_addr};

// select a bit

assign bit_addr = x_delay2_reg;
assign font_bit font_word ["bit_addrl;
7/ wizel color control
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module adsr

¢

input logic clk,

input logic reset,

input logic start,

input logic [31:0] atk_step, dcy_step, sus_level, rel_step,
input logic [3 sus_time,

output logic [1
output logic adsr_idle
-

// constants
localparam MAX = 32°h8000_0000;

localparam BYPASS = 32'hffff fiff;
localparam ZERQ = 327h0000_000f

// fsm state type
typedef enum {idle, launch, attack, decay, sustain, rel} state_type;

// declaration

State_type state_reg, state_mext;
logic [31:0] a_reg, t_reg;

logic [31:0] a next, t_mext;
logic [31:0] n_tmp;

logic fsm_idle;

logic [31:0] env_i;

// state_and data registers
always_ff 0(posedge clk, posedge reset)
if (reset) begin

state_reg <= idle;
a_reg <= 32°h0;
t_reg <= 32°h0;

end

else begin
state_reg <= state_mext;
a_reg <= a_mext;
t_rog <= t_moxt;
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// reverse color control
assign rev_bit = ch_di_reglr];
assign f_rgh - (rev.bit) 7 back_rgd
assign brgh - (rev_bit) 7 front.rgb
// palette circuic
hssign p_rgb - (fone_bit) 7 frgb : b_rgb;
// transparency control
assign osd_rgb = (ch_di_reg[6:0

endmodule

front_rgb;
back_rgh;

NULL_CHAR) 7 KEY_COLOR : p_rgb;
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P

uart.
vart. dlsp(n2 1s),
©.disp(") \n

r
void debug_off() {
}
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¥rite_led);

3

void SsegCore::write_iptn(uint8_t pattern, imt pos) {
ptn_but [pos] = pattern;
¥rite_led();

3

void SsegCore::set_dp(uints_t pr) {
ap = pti /] active low
write led0;

3

// convert a hez digit to
uints_t SsegCore::h2s(int hex) {
/+ active—low hez digit 7-seg patterns (0-9,a—f); MSB assigned to 1 %/
Static const uints_t PTN_TABLE[16]
{0xc0, 0xf9, Oxad, 0xb0, 0x99, 0x92, 0x82, Oxf8, 0x80, 090, //0-0
0x88, 0x83, 0xc6, Oxat, 0x86, 0x80 }; Jyat
uints_t pra;

if (nex < 16)
ptn = PTH_TABLE[nex];
olse
ptn = oxfr;
return (pn);

3

void SsegCore::write_led() {
it i,
uinta2_t word=0;

// pack left 4 patterns into a 52-bit word
77 win_buf(o] is the lefmost led
Tor (1=0;1<a; 100
word = (vord << & | pra_buf[3 - 1l
:
// incorporate decimal points (bit 7 of pattern)
Tor (1= 0; 1 <45 190 ¢
p = bitread(dp, 1)
bit_vrite(uord, 7 + 8 + 1, P);
.
io_urite(base_addr, DATA_LOW_REC, word);
// pack right § patterns into a 52-bit word
fTor (1=0; 1 <45 100 ¢
word = (word << & | pra_buf[7 - 1l
b
7/ incorporate decimal points
Tor (1= 0; 1 <45 100 ¢
p = bitroad(dp, 4 + 1);
bit_vrite(uord, T + 8 + 1, p);

b
fo_urite(base_addr, DATA_HICH_REG, word);
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module adsr

«

input logic clk,

input logic reset,

input logic start,

input logic 1 atk_step, dcy_step, sus_level, rel_step,
input logic 1 sus_time,

output logic [15:
output logic adsr_idle

// constants
localparam MAX = 327h8000_0000;
localparam BYPASS = 32'hffff_ffff;
localparam ZERD = 327000000000 ;

// fsm state type
typedef enum {idle, launch, attack, decay, sustain, rel} state_type;

// declaration
State_type state_reg, state_mext;
logic [31:0] a_reg, t_reg;

logic [31:0] a_next, t_mext;
logic [31:0] n_tmp;

logic fsm_idle;

logic [31:0] env_i;

// state and data registers
always_ff 0(posedge clk, posedge reset)
if (reset) begin
state_reg <= idle;
a_reg <= 32'h0;
t_rog <= 32'h0;
end
else begin
state_reg <= state_mext;
a_Teg <= a_mext;
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OsdCore::0sdCore(uint32_t core_ base_addr) {
base_addr = core_base_addr;
set_color (0x0£0, CHROMA_KEY_COLOR);
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chu_init.h!
gpio_coras.h

void timer_chack

d_p->w: (Oxf!ff)v
s]aap,ms(EOﬂ)v

sleep. -ms (500);
debug ("timer

void lad_check(GpoCore *led_p,
int i;

(GpoCore +led_p) {

- (loop #)/now:

ine m) €

now_ms ) ;
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AAE By SRRk Taagiae YRR L%
ine i, n;
wines’t dp;

//turn off led

for (i = 0; 1 < 8; i++) {
sseg_p->urite_ipta(0xtf, 1);

}

//turn off all decimal points

S5eg_p->set_dp(0x00);

// display 020 to 0zf in 4 cpochs
// upper 4 digits mirror the lower §
Tor (= 0; n < 4; mee) {
for (12051 <45 1e) ¢
sseg_p->vrite_iptn(sseg p->h2s(i + m + &), 3 - 1);
sseg_p->vrite_iptn(sseg p->h2s(i + m + &), 7 - 1);
slaep_ms (300) 5
Y /) for i
Y //Jorn
7/ shift a decimal point 4 times
for (1= 0; 1< 45 1+0) {
bit_set(dp, 3 - 1);
sseg_p->set dp(1 << (3 - 1));
S1esp_us (300) ;
b
//turn off led
Tor (1= 0; 1 <8 140 {
sseg_p->urite_ipta(0xff, 1);
b
//turn off all decimal points
SSeg_p->set_dp(0x00);
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end

// fsmd mest—state logic and data path logic
always_comb

begin
state_next - state_reg;
a_next - a_reg;
t_mext = t_reg;
fsm_idle - 17b0;

case (state_reg)
idle: begin
fsm_idle = 1°b1;
if (start)
state_next = launch;
end
launch: begin
state_next - atvack;
a_next - 327b0;
end
attack: begin
if (start)

state_next = launch;
else begin
n_tmp - a_reg + atk_step;
if (n_tap < MAX)
a_next = n_tmp;
else
state_next = decay;
end;
end

decay: begin
if (start)
state_next = launch;
else begin
n_tmp - a_reg - dcy_step;
if (n_tmp > sus_level)

a_next - n_tmp;
else begin
a_next - sus_level;
state_next - sustain;
t_next = 32'b0;  // start timer
end
end;
end
sustain: begin
if (start)
state_next = launch;
else
if (t_reg < sus_vime)
t_mext = t_mext + 1;
else
state_next = rel;
end
default: begin
if (start)
state_next = launch;
else
if (a_reg > rel_step)
a_next - a_reg - rel_step;
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3
0OsdCore::~0sdCore ) {}

void OsdCore::set_color (uint32_t fg_color, uint32_t bg_color) {
1o_urite(base_addr, FC_CLRREG, fg_color);

1o write(base_addr, BG_CLRREG, bg_color);
3

void OsdCore::wr_char (uint8_t ¥, uint8_t y, char ch, int reverse) {
uint32_t ch_offset;
uint32 t data;
ch_offset = (y << 1) + (x & 0x078);  //
if (reverse == 1)

data = (uint32_t)(ch | 0x80);
olse

data

concatenation of y and =

(uing32_t) ch;

io_urite(base_addr, ch_offset, data);
return;

for (x = 05 x < CHAR_X_MAX; x++)
for (y = 0; y < CHARY_MAX; y++) {
wr_char(x, y, NULL_CHAR);
3

return;

;3

void OsdCors ::bypass(int by) {

io_urite(base_addr, BYPASS_REG, (uint32_t ) by);
&
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end

// fsmd mezt—state logic and data path logic

always_comb
begin
state_next = state_reg;
a_next - a_reg;
t_nmext = t_reg;
fom_idle = 17b0;

case (state_reg)
idle: begin
fsm_idle = 17b1;
if (start)

state_next = launch;
end
launch: begin
state_next - atvack;
a_next = 327b0;
end
attack: begin
if (start)
state_next = launch;
else begin
n_tmp - a_reg + atk_step;
if (n_tmp < MAX)
a_next - n_tmp;
else
state_next = decay;
end;
end
decay: begin
if (start)
state_next - launch;

else begin

n_tmp - a_reg - dcy_step;
if (n_tmp > sus_level)

a_next - n_tap;
clse begin
a_next - sus_level;
state_next - sustain;
t_moxt = 32'b0;  // start
end
end;
end
sustain: begin
if (start)
state_next - launch;
else
if (t_reg < sus_time)
t_mext = t_mext + 1;
else
state_next = rel;
end
default: begin
if (start)
state_next = launch;
else
if (a_reg > rel_step)
a_next - a_reg - rel_step;
else

state_next = idle;

timer
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module chu_vga_osd_core
# (parameter OD = 12, // color depth
ADDR_WIDTH = 10,
KEY_GOLOR = 0
)
¢
input logic clk, reset,
// frame counter
fnput logic [10:0 x, y,
// video slot interface
input logic cs,
input logic write,
input logic [13:0] addr,
input logic [31:0] vr_data,
// stream interface
input logic [11:0] sirgp,
output logic [11:0] so_rgh
2

// signal delaration
logic wr_en, wr_reg, wr_bypass, wr_fg_color, wr_bg_color, wr_char_ram;
logic [CD-1:0] osd_rgd;

logic [CD-1:0] fg_color_reg, bg_color_reg;

logic bypass_reg;

// body
7/ instantiate osd gemerator

osd_src #(.CD(CD)) osd_src_unit (
Telk(ell), x(x), .y(y), .xt(addr[6:0]), .yt(addr[11:7]),
-ch_in(vr_datal7:0]), .ve_ch(wr_char_ram),
~front_rgh(fg_color_reg), .back_rgd(bg_color_rag),
-0sd_rgb(0sd_rgh));
// register
always_ff a(posedge clk, posedge reset)
if (reset) begin
£g_color_reg <
bg_color_rag <
bypass_rag <= 0;
end
else begin
if (¥r_tg_color)
£g_color_reg <= wr_datalCD-1:01;
if (¥r_bg_color)
bg_color_reg <= wr_datalCD-1:01;
if (vr_bypass)
bypass_reg <= wr_datalol;

15 4/ 1101

end
// decoding

assign wr_en = write & cs;

assign wr_char_ram = ~addr[13] && wr_en;
assign wr_reg = addr[13) &% wr_en;

assign wr_bypass ¥r_reg 8& (addr[1:0]==27b00);
assign wr_fg_color = wr_reg && (addr[1:0]==27b01);
assign wr_bg_color = wr_reg && (addr[1:0]==27b10);

// chroma~key blending and multiplering
assign so_rgb = (bypass_reg || osd_rgh:
endmodule

EY_COLOR) 7 si_rgb : osd_rgb;
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UartCore uart (g ddr (BRIDGE_BASE, UART_SLOT));
unsigned long mow_us() {

roturn ((unsigned long) _sys_timer.read_time());

unsigned long mow_ms() {
return ((unsigned long) _sys_timer.read_time() / 1000);

void sleep_us(unsigned lomg int ) {
_sys_timer.sloep(uint64_t(t));

v

void sleep_ms(unsigned lomg int ©) {
_sys_timer.sloep(uint64_t (1000 % t));

v

void debug_on(const char *str, imt mi, int n2) {
uart.disp("dobug: ")






OEBPS/Images/image00803.jpeg
#include "sseg_core.h"

SsegCors ::SsegCore (uintd2_t core_base_addr) {
7/ vattern for "HI”; the order in array is reversed in 7-seg display
7/ i.e., HLPTN[0] is the leftmost led
const uint8_t HI_PTN[1={0xff,0xf9,0x89,0xff,0xff,0xff,0xff,0xff};

base_addr = core_base_addr;
write_8ptn((uintd_te) HI_PTN);
set_dp(0x02);

“ssegCore ) {}

Tite_sptn(uints_t eptn_array) {

for (i=0;1<8 140 {
pen_bur{i] = spen_array;
ptn_arrayss;

3y
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end
endease
end
assign adsr_idle - fsm_idle;
// special cases

assign env_i = (atk_step == BYPASS) 7 MAX :
(atk_step == ZERD) 7 327b0
a_reg;

assign env = {1750,

env_i[31:171};
endmodule
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class OsdCore {

public:
/e register map +/
enum {
BYPASS_REG = 0x2000,
FC_CLRIREG = 0x2001,
BC_CLRIREG = 0x2002
b
/ chroma key color and constants =/
enum {
CHROMA_KEY_COLOR = 0,
NULL_CRAR = 0x00,  // flag for transparent char tile
CHARX_MAX = 80, // 80 chur per row
CHARLY_MAX = 30 7/ 30 char per column
b

/+ methods +/
0sdCore(uint32_t cors_base_addr);
“0sdCore O); // not used
void bypass(inmt by);
void set_color(uintd2_t fg_color, uintd2_t bg_color);
void wr_char(uint8_v x, Winté_t y, char ch, imt reverse = 0);
void clf_scresn();
privat
uint32_c base_addr;

3





