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PREFACE

 

We are living in an era of Artificial Intelligence. It is not by chance that VHDL design of FPGA based logic systems are on the rise. The speed at which the technology changes shape forces the industry to develop and use flexible methods in the design and implementation of logic systems. This increased the demand to use FPGA platforms to implement logic systems. This is due to flexible and reconfigurable structure of FPGAs. Since VHDL or any other Hardware Description Language (HDL) is the key to designing FPGA based logic systems, it become mandatory for an electronics and computer engineer to learn to use it effectively. 

Historically, VHDL is designed to describe logic ICs rather than defining them. However, VHDL is mostly used for “defining” rather than “describing” actually implemented logic ICs nowadays. The behavioral design approach become more important than classical gate level design approaches. The industry’s necessity of speed in the design process of logic systems made it mandatory. It is easier and faster to leave the reduction of logic expressions to smart software systems. This book is written with this rule in mind. We preferred a behavioral approach in the design of logic systems. We used VHDL to define hardware in our examples rather than describing an already implemented integrated circuit in the gate level. 

Despite we used a behavioral approach in the design of our examples in the book, usage of VHDL effectively necessitates a good understanding of gate level operation principles of logic circuits. So, the reader is expected to know a great deal about logic circuits. This book is planned as a supplement to logic circuit design courses at undergraduate level. However, anyone who knows something about logic circuits can also benefit from the book. 

The reader is also expected to know at least one of the contemporary computer programming languages such as C/C++ or Python. Especially, the examples in the last chapter of this book extensively use Python scripting language as a tool to aid in the modelling and simulation of VHDL design of logic systems. The experienced reader will quickly recognize the similarity between VHDL and Python. However, we must warn the reader that the use of VHDL is completely different than any other computer language. Both have the same statements, but they are used in a completely different way than each other. The difference comes from the fact that VHDL describes/defines hardware, but on the other hand computer languages are used for defining an operation in a computer environment. This difference makes the VHDL a modelling language rather than a programming language. The difference will be more evident as the reader understands the discussions made in the book. 

The book is divided into two parts: in the first part we will mainly focus on implementation of combinational logic circuits, while we will discuss sequential logic circuit design in the second part. We will start our discussion by setting up a software environment for the implementation of example designs in the first chapter of the first part. We will learn basics of VHDL programming in the second chapter. The third chapter discuss the modelling and implementation of logic expressions while we will mostly see basic combinational logic circuit structures and their implementation on FPGA platforms using VHDL in fourth and fifth chapters.

The second part of the book begins with the chapter 6 which makes an introduction to sequential logic circuits. We will see different latch and Flip-Flop types and their gate level implementations. We will see the futility of using a gate level approach in the design of sequential logic circuits implemented on FPGA platforms in this chapter. So, the rest of the examples will concentrate on the behavioral implementation of sequential logic circuits. We will also see the importance of making designs in a synchronous manner. Thus, we will learn to use a clock signal in our designs. 

Chapter 7 and 8 are reserved to the important topic of shift registers and counters which are basic building blocks of Synchronous Sequential Logic Circuits (SSLC). We discuss the implementation of Finite State Machines (FSM) on FPGA platforms using VHDL in chapter 9. This is a quite important topic, since most of the professional logic circuits that carries out a sensible job depend on FSMs. Microprocessors and specialized signal processors all depend on FSMs. The “Neronaurallogix” example in the chapter also represents the capability of FPGA platforms to implement neural networks. The “nenet” example which utilizes Neronaurallogix cells (N-cell) does not prove the capacity of FPGA platforms in this regard but also show how a data manipulator can be designed and simulated using a powerful software development environment which depend on VHDL and Python scripting language.

The last chapter of the second part (chapter 10) is again very important since it makes an introduction to the signal processing implemented on FPGA platforms. Signal processing is an important application field of FPGAs. They are widely used for video and audio processing. Software Defined Radio (SDR) systems are also another specialized signal processing application where FPGAs are frequently called to duty. The introduction in this chapter is being a very short one, it is quite useful in further learning the topic of FPGA implementation of professional signal processing systems. 

All the chapters incorporate example designs which can be implemented on a cheap FPGA prototyping platform with minor modifications. The hardware target used in the examples is Digilent’s CMOD-A7-35t FPGA module. However, any other FPGA platform can be used to implement the examples with minor modifications. The simulation and verification activities in the book is done mostly on software simulations. But as said before, the examples can be easily modified to implement in an actual real-world environment and the results are evaluated in lab settlement using a basic logic analyzer. 

The example VHDL design codes in the book are published in a Github repository where reader can download and observe them easily. The link to Github repository is: pyberktr1/vhdl_book1: INTRODUCTION to LOGIC CIRCUIT DESIGN with VHDL.

I hope that the reader finds this book useful in their quest to learning VHDL and its implementation on FPGA platforms.

Ankara, TURKIYE                                                             Dr. Bilgehan ERKAL

 

 






PART I: VHDL BASICS and COMBINATIONAL LOGIC CIRCUITS

 

We will make an introduction to VHDL programming and design of combinational logic circuits in this first part of the book. We will discuss FPGA platforms and VHDL design basics in the first chapter. We will implement our first project in the AMD Xilinx Vivado IDE by the end of this chapter. 

We will continue with the syntax and main elements of VHDL programming in the second chapter. We will see and learn main code body of VHDL programs, the identifiers and keywords used in VHDL, the operators and related expressions, conditional if-statements including case structures that implement nested if-statements, and while and for loops for the implementation of serial and parallel structures in an iterated manner. We will also see to design and use of simulations which are exclusively called “test benches” in VHDL design terminology. The test-benches are vital in the verification of a VHDL design which proves its operation and gives us a chance to debug the design without actual physical implementation.

The third chapter presents the important topic of writing logic expressions in VHDL. We will also discover the modularity property of the VHDL by the end of the chapter. The modularity property is important in implementing complex designs with ease. A big problem is divided into small parts which can be designed and verified more easily using a modular approach. This way we can work on a project collaboratively or incorporate third party intellectual property (IP) into our design. This will speed our design efforts.

The fourth and final fifth chapters of this first part discuss the design of classic combinational logic circuits. A modern approach is used here. We used a behavioral approach in our design efforts instead of making gate level designs. The behavioral approach simplifies design of complex logic systems. 

We introduce basic adder design, comparator design, and demultiplexer design in the fourth chapter. We will learn a new aspect of VHDL design with each example. We will also see various techniques used in the simulation and verification of logic systems.

We will see various encoder and decoder circuit designs in the fifth chapter. We will also have a chance to learn new techniques in the design and verification of logic systems with each example in this chapter.

This first part of the book will provide a sound foundation for the professional design of complex logic systems including the Synchronous Sequential Logic Circuits (SSLCs) and  Finite State Machines (FSMs) which will be the subject of the second part of the book.

 

 

 


Chapter One: Introduction to FPGA Platforms and VHDL Coding

 

Introduction

We will introduce FPGA platforms and VHDL coding basics in this chapter. Through the chapter we will identify the FPGA platform to be used and learn to set up a VHDL programming environment. We will use Digilent’s CMOD-A7-35t FPGA module which incorporates AMD Xilinx Artix-A7 FPGA chip with part serial number xc7a35tcpg236-1 in 48-pin DIP form factor bread-boardable module as seen on Figure 1.1 (CMOD A7 - Digilent Reference). Full specifications can be found from the manufacturer’s website. This module is selected for its versatility, widespread use, and relatively low cost. It is not the primary aim of this book to represent the use and application of this module. It is here to present a target for our VHDL code examples since it cannot be possible to completely compile the code without expressing a suitable part or board in the VHDL programming environment. The great part of the code examples presented in this book can be easily compiled and applied practically with utilization of this module. However, it is also possible to adapt the examples to other modules or FPGA components with little effort, if the concepts provided in this book are well understood by the reader. Also, the reader must note that this module and many other FPGA boards usually use 3.3V low voltage logic levels which are incompatible with the standard TTL logic levels of 5V. Such a high voltage can destroy your module which is expensive compared to a cheap TTL logic IC. So be warned to be careful when working with FPGA modules and use and apply appropriate power supply and logic level voltages. Static electricity is also another danger where proper ESD precautions must be applied when working with such sensitive components.

 

[image: A close up of a circuit board
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Figure 1.1 Digilent’s CMOD-A7-35t FPGA Module on breadboard

 

The second component to implement our projects in the book is the coding environment or IDE in short. We will use VHDL as programming language and write and compile our codes on AMD Xilinx’s Vivado IDE. It can be downloaded from the manufacturer's website (Xilinx Vivado Downloads). Full setup is advised but be prepared, it takes very long to download and install full Vivado suite. You can prefer the more compact lab version which is more suitable for students. The full Vivado suite will be used in the book. Again, it is not the subject of this book to explain all the functionality of the Vivado suite which is a very complex software suite with many modules. Only the necessary parts will be introduced in the book when its time comes. 

So, let’s begin by learning some basic information on FPGA devices and VHDL. Since we will produce our VHDL code for them, it is important to know something about FPGAs. 

 

Field Programmable Gate Array (FPGA) Logic Devices 

It is not a fault to name FPGA as a second kind of processor type after microprocessors, microcontrollers, or Digital Signal Processors (DSPs) which all of them made to execute machine code. FPGAs are programmable logic devices where programming is done by the help of a kind of Hardware Description Language (HDL) where VHDL is one of them. All the CPUs, including the MCUs and DSPs, use programs as an executable code which is executed by a fixed hardware/structure finite state machine (FSM). On the other hand, FPGA devices use the program code to describe a specific hardware (hence the name hardware description language) which can be changed leisurely. The hardware described may be an FSM, so FPGA platforms are usually used to model and prototype CPU and DSP architectures. Such processors implemented on the FPGA platforms are called as soft processors, since they are designed using a type of HDL. 

Hardware configuring bitstream files is derived using a special compilation software which takes a source code written using a high-level language such as VHDL as an input. This is also the case for CPUs, where executable machine code is produced from a source code written in a high-level language such as C. The compilation process for FPGAs is called as “synthesis” since it is a logic device synthesis process. HDLs are not real computer program languages. They are rather a modelling language. They are used to model logic devices. Historically, the main purpose of HDLs (VHDL being the first one) was to model behavior of logic devices. V in the VHDL stands for “Very High-Speed Integrated Circuit”. So, VHDL is designed to model high speed logic ICs at first hand. Simulation is an important aspect of modelling activity. So, HDLs are also extensively used for simulation of logic devices. The synthesis and implementation of logic circuit capabilities are added later to VHDL. This last feature of HDLs is important for deriving the bitstream file which is responsible for the configuration of hardware structure on the FPGA or other programmable logic device.

So, what is an FPGA device actually? FPGA devices are the most mature and developed family of programmable logic devices (PLD). They consist of many small programmable logic blocks which are interconnected in an array fashion. Each block has the capability to present their inputs and outputs to each other and the physical pins of the chip. The content and number of these configurable logic blocks (CLB), varies according to the manufacturer and specific chip types and models. They usually incorporate a look-up table (a combinational logic circuit consisting of AND, OR and Not gates or simply a ROM), a Flip-Flop (FF) for registering the output and a SRAM cell which holds the configuration bit which along with a configuration and steering logic sets the structure in the CLB and determines its interaction with the neighboring CLBs or logic cells. We can think of FPGA as a hive where CLBs are the bees in it. They work cooperatively to accomplish a specific task which the bitstream file sets on the configuration SRAM. This structure of FPGA makes it an ideal platform for parallel computing tasks such as graphical processing found in GPUs. FPGAs are frequently used for video encoding and decoding tasks. They are also suitable for intense signal processing applications.

FPGAs are slow in terms of clock speed compared to a modern CPU, but their parallel processing capabilities provide them with a high processing speed especially in the repeating arithmetic calculations. So, they are also suitable for low complexity but high-speed signal processing applications such as radio signal processing applications found in software defined radio (SDR) systems. Their programmable logic cell structure resembles a human brain where neurons are the logic cells that are responsible for the processing of data. This feature of FPGAs make them ideal candidates in modelling neurons and human brain for Artificial Intelligence (AI) purposes. FPGAs are binary (two-level) logic devices by design but in the future pure analog or at least multi-level logic types can be seen. 

So, this is a very short introduction to FPGA technology. We will mainly focus on VHDL itself in our book. Let’s learn to start a new project in Vivado IDE and compile our first VHDL program. 

 

First Project in Vivado

We will create a new project using Vivado. Our project will be a simple NOT gate and we will have a button input and an LED output in our design. The target device will be AMD Xilinx Artix A7 FPGA on a Digilent CMOD-A7 board. The VHDL code is listed on List 1.1. The required constraints file with .xdc file extension is given on List 1.2. Constraints files are used to configure the pins of the target device used in the projects. It is usually given as a manufacturer specific template for the target device and modified by the user to reflect the purposes of the designed project. Since this file is too long, we will not share all the lines in it. We will give only the modified lines. Only two lines are changed for this project: the button input at pin B18 and built-in LED output at pin A17. The sharp character (#) at the beginning of each line which are used to convert code lines into comment lines must be removed to make them active. The better way to make the necessary changes is to copy the lines given here and paste them to the constraints file. If you directly use the cloned projects to evaluate the examples, this process is not necessary since the modified constraints file is already in the working folder of the project. This modification is only necessary for newly created projects. The original file can be downloaded from the Digilent’s website: digilent-xdc/Cmod-A7-Master.xdc at master · Digilent/digilent-xdc

 


		
				        

       List 1.1 The logic design “not_gate” VHDL source code (not_gate.vhd)
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-- NOT GATE

-- 10.08.2024 by Bilgehan ERKAL

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

 

entity not_gate is

    Port ( btn : in STD_LOGIC;

           led : out STD_LOGIC

           );

end not_gate;

 

architecture Behavioral of not_gate is

 

begin

 

    led <= not btn;

    

end Behavioral;

 

 


		

	


 


		
				        

       List 1.2 The code lines added to constraints file for not_gate project (Cmod-A7-Master.xdc)

     


		

		
				 

set_property -dict { PACKAGE_PIN A17   IOSTANDARD LVCMOS33 } [get_ports { led }]; #IO_L12N_T1_MRCC_16 Sch=led[1]

 

set_property -dict { PACKAGE_PIN B18   IOSTANDARD LVCMOS33 } [get_ports { btn }]; #IO_L19P_T3_16 Sch=btn[1]

 


		

	


 

So, let’s begin with opening Vivado for a new project (Figure 1.2). Select “Create Project” from the “Quick Start” part of the opened start page of Vivado. You will get to “New Project” wizard (Figure 1.3). Continue by clicking next. You will need to give a name to your project and select the project folder here (Figure 1.4). Name your project as “1_not_gate” here then click next.

 

[image: Image]

Figure 1.2 Vivado Start page
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Figure 1.3 New Project wizard
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Figure 1.4 Project Name options
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Figure 1.5 Project types
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Figure 1.6 Selecting the target part

 

Select the project type as RTL project and check the “Do not specify sources at this time” choice and click next (Figure1.5). Now we must select the target part which will be used in the synthesis and implementation steps. We used Digilent’s CMOD A7-35t board for our example projects. So, for selecting a board, set the boards tab and then search and find the CMOD A7-35t board from the drop-down menu as shown in Figure 1.6. The target part will be automatically selected (xc7a35tcpg236-1). If you click on the part, you will be directed to manufacturer’s technical info site where you can also find and download the constraints file template specific for this board and part.

When you click next, the new project summary page comes. Evaluate and check the information given on this page and if all is appropriate click next (Figure 1.7). The new project will be opened in project manager as seen in Figure 1.8.
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Figure 1.7 Project summary

 

Now we will add our sources to the project to complement it. Firstly, click on “Design Sources” and then “+” on the tool pane to add or create a new source. Select “Add or create design sources” on the coming page and click next (Figure 1.9).
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Figure 1.8 Project manager
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Figure 1.9 Adding or creating new design sources
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Figure 1.10 Creating a VHDL source file

 

On the page seen in Figure 1.10, select “Create File”. The “Create Source File” window will pop-up. Here, you can provide a name to your source file as seen on Figure 1.11. File type must be VHDL. Then click okay.
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Figure 1.11 Create Source File dialog

 

In the next page, module definitions will be required from you. But we will skip this step and just click okay now. Vivado will warn you that module definitions are required but just say okay and skip to the next step (Figure 1.12).
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Figure 1.12 Module properties

 

We will see our newly created source file in the code editor which is located on the right pane. Click and select all the code provided as a template here and replace it with the code given on List 1.1 (Figure 1.13). The source code will be added to the file (Figure 1.14). 
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Figure 1.13 Selecting and replacing the code template
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Figure 1.14 Adding “not_gate” source code to the project

 

Now, we will add constraints file to our project. It is necessary for defining the type and function of the target part’s pins. We will use the downloaded template from Digilent’s website. Put it on the general folder of the project so that, when necessary, we can import it from there. So, for importing the constraints file click on the constraints tab on project manager and then click on the plus symbol in the tool pane. Add sources page will come with “Add or create constraints” option (Figure 1.15). This time click on “Add Files” button.
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Figure 1.15 Adding a new constraints file to the project
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Figure 1.16 Adding the downloaded constraints file template

 

Browse and select for the downloaded constraints file Cmod-A7-Master.xdc then click okay (Figure 1.16). The constraints file will be visible on the code editor (Figure 1.17). Select and copy code from List 1.2 and paste them to the top of the constraints code as seen on Figure 1.17. Then click on save in the editor tool pane. This last step completes the project definition.
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Figure 1.17 Modifying the constraints template
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Figure 1.18 Generating bitstream file

 

Now, click on the “Generate Bitsream” which is located under the “Program and Debug” part of “Flow Navigator” in the left pane. There are steps for synthesis, implementation and generate bitstream in a project to fully compile. You do not need to complete these steps separately. By clicking “Generate Bitsream”, each step is automatically executed and completed. If all the steps are complete without errors, you will see a “write_bitstream complete” message with a green tick on the upper right corner (Figure 1.18). Click okay on the opened dialog to open the implemented design. It will provide the placement and RTL schematic of the design in the editor pane (Figure 1.19).
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Figure 1.19 Evaluating the RTL schematic of the design

 

As is seen on Figure 1.19, the RTL schematic of the design is a simple NOT gate having its input come from the btn input of the target device and provide an output to the LED output. Register Transfer Level (RTL) diagrams are a standardized way of providing an abstract schematic of the logic design described in the VHDL code after elaboration part of synthesis step is completed. These schematics are being easy to read and simple to show the behavior of the logic design, the actual implementation on the FPGA will be greatly different. The implementation schematic of the logic design, which will be derived after implementation step of the code compilation, will be very different because the FPGAs use Look Up Tables (LUT) and/or Flip-Flops (FF) to implement a logic design. Implementation schematic of our “not_gate” project is provided in Figure 1.20. As you see, there are input and output buffers and a LUT to provide a truth table which define the behavioral function for the design. So, it is very hard to figure out the operation of the logic from this schematic. These schematics are useful to understand the inner workings of the FPGA. However, we can see the actual operation and function of the design by looking at the truth table provided by the LUT which can be seen on the “Cell Properties” pane’s “truth table” option when the observed LUT is highlighted by clicking on it (Figure 1.21). You can edit the table here also.
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Figure 1.20 Implementation schematic of the design
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Figure 1.21 Truth table of LUT highlighted on the implementation schematic of the design

 

VHDL Design Basics

Logic circuit design with VHDL has its steps as it is evident from our first project. We use the term “design” instead of “programming” just because VHDL is a modelling language where we define a hardware as logic circuits by coding instead of programming a software destined to be executed on a kind of processor. So, we begin with VHDL code as an input which defines an abstract model of logic circuit called RTL (Register Transfer Level) and end with an output that corresponds to a bitstream file which is used to command FPGA fabric constituted from logic blocks to form a logic circuit. VHDL code is written by hardware experts who gather and evaluate the specifications of the hardware to be designed. 

VHDL code is not converted directly to bitstream file. There are specific steps to accomplish this task. Firstly, the code is elaborated to derive the RTL schematic which is also the basis for simulations carried over on the behavioral model. Not every VHDL code compiles to an actual implementable logic circuit. Especially, code written for simulation tasks does not compile fully. We will see the differences between code written for design and test bench codes written for simulation purposes. Test benches use pure behavioral commands which simplifies to model an action or behavior but does not compile to provide an actual logic design. 

RTL schematics are the first step for synthesizable code. So, elaboration is the first step of the synthesis step of VHDL code compilation. When the synthesis step is completed, we get the implementation schematic which shows the actual implementation on the FPGA.

The second stage is the implementation step. In this step, the design to be implemented is evaluated and optimized for the target device first. In the second stage of the implementation step, placement of the logic circuit is carried out. Placement refers to finding the actual and optimal place of logic blocks that take a role in the design. The design must be located on the FPGA fabric optimally to conserve power, lower thermal heat and make the design speedy. The last stage of this step is routing. The routing determines the connections and paths between logic blocks which are placed on the FPGA fabric. Constraints files provide a basis for this implementation step. These files declare the position and composition of device pins as well as timing constraints used in the optimization stage. 

The last step of the compilation process is the generation of the bitstream file. This file is used to configure (or program) the FPGA device. After successful configuration and reset, FPGA starts to operate and makes its duty. Bitstream files hold the necessary data used to command, direct and configure each logic block used in the design. So, bitstream files are device specific: same design compiles to different bitstream files for different devices. This file is used to program the configuration memory of the FPGA which is usually an external Flash ROM. This external Flash ROM is necessary because the internal high-speed SRAM configuration memory is loaded from this permanent but slow ROM in the power-up or reset stage since SRAM loses data after power off. FPGA devices are designed to use SRAMs to configure logic blocks which are more compact and high-speed than Flash ROMs. If flash ROM cells were used in the design of FPGA, their logic blocks would be slow in terms of dynamic performance and will consume too much area in the fabric. However, FPGA technology is evolving, and a good solution may be introduced in the future hopefully. 

Now, we will see the elements and their syntax in a VHDL code in the next chapter. So, we will begin to write our first VHDL code examples by learning the concepts provided in the next chapter.

 


Chapter Two: Elements and Syntax of VHDL

 

Introduction

We will review the basic structure of a VHDL code and see the main elements and syntax of VHDL in this chapter. VHDL is a modular language where each code body represents a module. The module can be likened to a chip. A chip or IC has inputs and outputs for interfacing the outside world. There are functional internals of a chip where the real work (signal processing in the case of an IC) is carried out there. An IC solely cannot achieve the goal that the designer wants. Many ICs must be gathered in a hierarchical fashion and collaborate to achieve the goal of the design. This approach is very meaningful since a single IC designed for a specific purpose is not effective in commercial terms. Instead, many general-purpose ICs are manufactured, and the designer is expected to glue them to achieve his/her goal. This is also true for VHDL designs. A third party solves a complex problem, packs it in an IP (Intellectual Property) module and sells or makes it freely available to others to use it in their own designs. The modular structure of the VHDL makes this possible. It enables designers to work on a big project collaboratively, each designer solves his/her problem, and all the solutions are collected in a top module and compiled to gather the big solution. 

In the second part of this chapter, we will see the main elements that constitutes the expressions in a VHDL code. We will set two main groups: compilable and uncompilable statements. Compilable statements can be used in both hardware description and simulation (test benches) codes while uncompilable statements can only be used in simulation codes. We will see first compilable statements and then introduce the most basic uncompilable statements. Other types of statements will come in the following chapters, and we will learn them when their time has come. 

 

Main Structure of VHDL Code

We bring here the “not_gate” example used in our first project again to inspect the main structure of a simple VHDL module (List 2.1). Every VHDL code starts with a comment line which explains the purpose of the code shortly. Only single line comments are allowed in VHDL, and every comment line starts with double dashes (- -). 

After these explanations, library definitions and declarations come. In our module we used a standard built-in library “IEEE”. Every statement in VHDL must end with semi-colon. You can use spaces leisurely as is in many languages. Library declarations start with the keyword “library” and end with the name of the library recalled (IEEE in this case). Libraries hold third party functions and modules to be used in the project. We will use built-in standard IEEE library in our project since it provides many useful functions and data types. 

After the library declarations, we must provide a statement that shows which part of the library will be taken into the project. We selected STD_LOGIC_1164 sub-part of IEEE library and insisted that we will take all that sub-part by giving “ALL” keyword afterwards. As you see, there is a hierarchy here and the hierarchical representation is provided by the dot-notation. Dot-notation is widely used in object-oriented programming languages such as C++. The simple use is main.subpart.all. 

The next part is the “entity” part. Entity part begins with “entity” keyword and ends with the “end” keyword. Each “entity” keyword is complemented with the name of the module which is also the name of the VHDL source file with the “.VHD” extension. Note that the first line of entity body is ended with “is” keyword instead of semi-colon. The actual entity body then starts in the next line, which is indented to provide readability, with the keyword “Port”. The interface is presented in the parenthesis in separate lines for each entry ending with a semi-colon other than the last entry. The semi-colon of last entry is put in afterwards closing parenthesis. There are btn and led interfaces here, where btn is an input interface and led is an output interface. Here the syntax is such that: name_of_the_interface : interface_type(in/out) interface_data_type. We will see the naming conventions, interface types and data types later. So, we will continue to the main body of the “not_gate” module.

Main body of a module starts with the keyword “architecture” which is followed by the type name of the architecture. We will define behavioral model of logic circuits here, so we will use the name “Behavioral”. The keyword “of” takes the name of the module (not_gate here) and the line ends with the “is” keyword. We provide the keyword “begin” to show that the main body starts and end it again with keyword “end” with the architecture type name (Behavioral here). Between “begin” and “end” we provide our statements in separate lines each with an indent and end with semi-colon. In our example a single line is provided for making an assignment operation: btn input signal is inverted and then sent to the LED output. 

There may be other parts in a VHDL module. For example, a module can have as many modules as its sub-module. Their declarations and instantiations must be done appropriately before they are being utilized in the parent module. Also, there may be intermediatory local signal definitions for carrying information between different parts of the main module code and its sub-module. We will see them later in more advanced examples. Let’s see the most basic statements and data types used in VHDL codes before.



		
				
       List 2.1 not_gate VHDL source code showing the main structure (not_gate.vhd)
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-- NOT GATE

-- 10.08.2024 by Bilgehan ERKAL

-- library definitions and declarations

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

 

-- entity body presenting the interface definitions

entity not_gate is

    Port ( btn : in STD_LOGIC;

           led : out STD_LOGIC

           );

end not_gate;

 

-- main body providing the actual function

architecture Behavioral of not_gate is

 

begin

 

    led <= not btn;


end Behavioral;

 

 


		

	


 

The Identifiers and Data Types

Elements in a VHDL code must be named using suitable identifiers. For example, our module must have a name, variables, and signals which each must have a unique identifier to discriminate each one from other etc. There are rules that must be obeyed when giving names. These are:


	- An identifier can be composed of letters of English alphabet (a..z, A..Z), numeric digits (0..9) and symbol underscore (_) provided that they are not the first character in the identifier. Any other symbol or character and double underscores are not allowed. Furthermore, underscores cannot be at the end.

	-  Identifiers in VHDL is case insensitive: i.e., Data_in and data_IN refers to same elements.

	- Special reserved keywords such as “begin”, “end”, “architecture”, “if” and “is” are not allowed.

	- They must be meaningful abbreviations. For example, for clock signals use “clk”, for input data bus of a DAC use “dac_data_in”.



 

Added to this if an identifier is put between backslashes, we can use asterisk (*), exclamation (!) and sharp (#) symbol in an identifier. Such identifiers are called extended identifiers. They are used to denote special cases. For example, exclamation at the end shows that the signal belonging to that identifier is a negative logic signal, i.e., 0V input corresponds to a logic 1. A negative logic strobe signal may be expressed as /strobe!/.

A variable or signal must have an associated data type after an identifier is assigned to it. Data types in VHDL put constraints on the signals. For example, the widely used “bit” data type can be used to express signals that can only take two values: 0 or 1. Array of “bit” signals or data buses can be expressed using “bit_vector” data type. The data types, “bit”, “bit_vector”, “std_logic”, and “std_logic_vector” are directly synthesizable native data types used in the VHDL codes. Note that, we must declare the library IEEE.std_logic_1164 to use the “std_logic” and “std_logic_vector” types. These types accept many more values than native “bit” types. They accept “X”, unknown, “U”, uninitialized, “Z”, high impedance, “W”, weak signal, “L”, weak logic low, “H”, weak logic high and “-“ , Don’t Care as well as “0” and “1” values. These are necessary to resolve bus conflicts such as two sources trying to drive the same sink at the same time. Also, tri-state, two-way or bi-directional bus definitions needs a high impedance state for proper operation. 

The data types, “integer”, “natural”, “positive”, and “Boolean” are used for variables which are not directly synthesizable items in VHDL codes. Variables are for temporarily holding data in processes and used for intermediatory calculations. They cannot be synthesizable, i.e., converted to physical hardware but they can be transferred and casted to standard logic signals and made synthesizable by this indirect procedure. However, the operations made on variables cannot transferable and synthesizable, note that only the data held by the variable can be transferred by this procedure. This subject will be evident in future examples. Variables are usually used in simulation codes which are not expected to be synthesized. Professional VHDL coders do not prefer to use variables in VHDL design codes which are expected to be synthesized.

 

Operators Used in VHDL Expressions

We use “<=” for assignments in signals where we use “:=” for variable assignments. The calculated right-hand side value is transferred to the left-hand side identifier. There are three basic operations: arithmetic, relational and logical. Added to these, there are shift and concatenation operators. 

Arithmetic operations include add (+), subtract (-), multiply (*), divide (/), modulus (mod), remainder (rem), absolute (abs) and exponentiation (**). There is a priority in these operations but using parenthesis to give priority eliminates any misinterpretations and increases readability. So, using parenthesis leisurely is advised. Also note that arithmetic operations are easy on variables but very limited and depend on library use for logic signals. We will discuss this in future examples.

Relational operators provide a Boolean test result which can only take “0” (false) or “1” (true) value. Equality and inequality tests are the most used ones. The rest is presented in Table 2.1. The result is used in conditional if-statements to decide and act in the code. This mechanism is usually used in sequential processes to update the output registers of a counter depending on the condition where the result of the test determines. This is the base of Finite State Machines (FSM). We will discuss this topic in the subject of FSM design using VHDL code.

 

Table 2.1 Relational Operators used in VHDL codes


		
				USAGE


				OPERATION


		

		
				A = B


				Equality test


		

		
				A /= B


				Inequality test


		

		
				A > B


				True if A is greater than B


		

		
				A >= B


				True if A is greater than or equal to B


		

		
				A < B


				True if A less than B


		

		
				A <= B


				True if A less than or equal to B


		

	


 

Logical operators are the most used operators in VHDL code. It is natural because combinational logic expressions can only be possible with these operators. The logic circuits can only be synthesized using these expressions. So, they are used to represent logic circuits directly in the VHDL code. In addition, they are used in conditional if-statements along with the relational operators to obtain complex decision-making mechanisms. They are listed on Table 2.2. “AND”, “OR” and “NOT” operators are sufficient for making any logical expressions possible but for ease of use extended logical functions are also provided. Again, there is a priority between operators but using parenthesis we can give priority to any operation over others. This is advised for obtaining code readability and prevent any misinterpretations. 

 

Table 2.2 Logical Operators used in VHDL codes


		
				USAGE


				OPERATION


		

		
				A and B


				Two input AND gate


		

		
				A or B


				Two input OR gate


		

		
				not A


				Inverter gate


		

		
				A xor B


				Two input XOR gate


		

		
				A xnor B


				Two input XNOR gate


		

		
				A nor B


				Two input NOR gate


		

		
				A nand B


				Two input NAND gate


		

	


 

Another important operation which is widely used in VHDL code is concatenation operation. It is useful to collect multiple signals or buses in one single bus. If we want to produce a 2-bit bus from bit-type signals A and B, we simply do a concatenation operation: “two_bit_bus(1 downto 0) <= A & B”. The definition that comes after the two_bit_bus signal is its attribute and shows the enumeration of its MSB and LSB bits. It is given in the reverse order using “downto” keyword because MSB bit comes in the leftmost side and LSB comes in the rightmost side of the bus definition. Bus definitions are usually called as “array” in VHDL code and slicing is possible and through the concatenation any bit of a bus can be used to define a new bus with a different bit order. It will be evident in future examples, so we are cutting this discussion here short. Binary literals can be passed to buses as strings where double quotes are used to show the limits. For example, our two-bit bus can be assigned with a literal value such as: two_bit_bus <= “01”. Single bit literals are limited by single quotes: two_bit_bus (1 downto 0) <= ‘0’ & ‘1’ gives us the same result.

Now, let’s see conditional if-statements and their use in a VHDL code example.

 

Conditional If-statements

We use if-statements in VHDL codes when we want to make a decision. They work differently than computer programs. They must be used in processes. Processes are small functional blocks that the statements in it are executed sequentially. The execution is dependent on the inputs listed on its sensitivity list which is listed in parentheses given after the definition of the process. When a change occurs to one of the sensitivity parameters, the execution takes place and the statements in the process are evaluated once in a sequential order (top-to-down, left-to-right). All the signals are updated with the calculated values at the end of the process. Then it is suspended and enter a wait state until a new trigger (a change in one of the sensitivity parameters) starts it all over again. A simple example of a process with an if-statement is given on List 2.2. The lines that must be added to the constraints file necessary for synthesis is given on List 2.3. Two 1-bit inputs (x1, x2) and a 3-bit output port (y) is used in the project.

 


		
				
       List 2.2 Example on If-statements (if_statements.vhd)
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				-- IF STATEMENTS

-- 10.08.2024 by Bilgehan ERKAL

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

 

entity if_statements is

    Port ( x1 : in bit; -- input 1

           x2 : in bit; -- input 2

           y  : out natural range 0 to 7); -- output

end if_statements;

 

architecture Behavioral of if_statements is

begin

 -- any if statement can only be in a process

 -- a process must have at least one input 

 -- in its sensitivity list 

 -- every process must have a name 

 compare:process(x1, x2)

 variable i: natural range 0 to 7;

 begin

  i := 3; -- set i to value of 3

  if ( x1 = x2 ) then -- equality check

   i := i + 1; -- if true, increment i 

  else

   i := 5; -- if false, set i to 5

  end if;

  y <= i; -- make i output to y

 end process compare;

end Behavioral;

 


		

	


 


		
				
       List 2.3 Lines to be added to general constraints file (Cmod-A7-Master.xdc)



		

		
				 

set_property -dict { PACKAGE_PIN M3    IOSTANDARD LVCMOS33 } [get_ports { x1  }]; #IO_L8N_T1_AD14N_35 Sch=pio[01]

set_property -dict { PACKAGE_PIN L3    IOSTANDARD LVCMOS33 } [get_ports { x2  }]; #IO_L8P_T1_AD14P_35 Sch=pio[02]

set_property -dict { PACKAGE_PIN A16   IOSTANDARD LVCMOS33 } [get_ports { y[0]  }]; #IO_L12P_T1_MRCC_16 Sch=pio[03]

set_property -dict { PACKAGE_PIN K3    IOSTANDARD LVCMOS33 } [get_ports { y[1]  }]; #IO_L7N_T1_AD6N_35 Sch=pio[04]

set_property -dict { PACKAGE_PIN C15   IOSTANDARD LVCMOS33 } [get_ports { y[2]  }]; #IO_L11P_T1_SRCC_16 Sch=pio[05]

 


		

	


 

We see a process named “compare” in the code. It has x1 and x2 inputs as sensitivity parameters. The output port y is defined in natural data type with a range of 0 to 7 which resolves to a 3-bit bus. The datatype “natural” can have 0 as the minimum value while datatype “positive” starts from 1. Both datatypes can only hold positive integer values. A variable i, local to the compare process is defined as the same datatype and range as output y. This variable is used in intermediate calculations in the code and upon leaving the process the value is transferred to the output port y by an assignment operation. This variable is set to 3 before entering the if-statement. The condition in the if-statement is a simple equality test between inputs x1 and x2. If equality is valid, the statements after “then” is executed. The variable is incremented in this case. If the test is not valid then the statements coming after “else” is executed. Here, the variable i is set to 5. The assignments in variables are made by the “:=” operator while assignments to output ports are made by the “<=” operator. Every if-statement ends with “end if”. Nested if-statements are allowed. We can use “elsif” instead of “else” to use nested if-statements. We will see case structures for simple handling of nested if-statements in a later example.

We get the RTL schematic shown in Figure 2.1 after successful synthesis of the design. The inputs x













Case Structures




		
				



		

		
				































				






























		

	




		
				



		

		
				












		

	















Simulation of VHDL codes







		
				



		

		
				



















































































				








































































		

	


































For Loops
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