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This book is about the digital logic design of microprocessors, and is intended to
provide both an understanding of the basic principles of digital logic design, and how
these fundamental principles are applied in the building of complex microproces-
sor circuits using current technologies. Although the basic principles of digital logic
design have not changed, the design process and the implementation of the circuits
have. With the advances in fully integrated modern hardware computer-aided design
(CAD) tools for logic synthesis, simulation, and the implementation of digital circuits
in field-programmable gate arrays (FPGAs), it is now possible to design and imple-
ment complex digital circuits very easily and quickly.

Many excellent books on digital logic design have followed the traditional approach
of introducing the basic principles and theories of digital logic design and the building
of separate standard combinational and sequential components. However, students
are left to wonder about the purpose of these individual components and how they
are used in the building of more complex digital circuits, such as microcontrollers
and microprocessors that are used in controlling real-world electronic devices. The
primary goal of this book is to fill in this gap by going beyond the logic principles and
the building of basic standard components. The book discusses in detail how the basic
components are combined together to form datapaths, how control units are designed,
and how these two main components (datapath and control unit) are connected
together to produce actual dedicated custom microprocessors and general-purpose
microprocessors. The book ends with an entire chapter containing many examples on
how microprocessors are interfaced with real-world devices.

Many texts on digital logic design and implementation techniques mainly focus on
the logic gate level. At this low level, it is difficult to discuss larger and more complex
circuits that are beyond the standard combinational and sequential circuits. However,
with the introduction of the register-transfer technique for designing datapaths and
the concept of a finite-state machine for control units, we can easily design a dedicated
microprocessor for any arbitrary algorithm and then implement it on a FPGA chip
to execute that algorithm. The book uses an easy-to-understand ground-up approach
with complete circuit diagrams, and both Verilog and VHDL codes, starting with the
building of basic digital components. These components are then used in the build-
ing of more complex components, and finally the building of the complete dedicated
microprocessor circuit. The construction of a general-purpose microprocessor then
comes naturally as a generalization of a dedicated microprocessor. At the end, stu-
dents will have a complete understanding of how to design, construct, and implement
fully working custom microprocessors.

Xvii
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Design of Circuits using Verilog and VHDL

Although this book provides coverage on both Verilog and VHDL for all of the
circuits, this information can be omitted entirely while gaining an understanding of
digital circuits and their design. For an introductory course in digital logic design,
learning the basic principles is more important than learning how to use a hardware
description language (HDL). In fact, instructors may find that students can get lost
in learning the principles while trying to learn the language at the same time. With
this in mind, the Verilog and VHDL code in the text is totally independent of the
presentation of each topic and may be skipped without any loss of continuity.

On the other hand, by studying the HDL codes, the student can not only learn
the use of a hardware description language but also learn how digital circuits can be
designed automatically using a synthesizer. This book provides an introduction to
both Verilog and VHDL and uses the “learn-by-examples” approach. In writing either
Verilog or VHDL code at the dataflow and behavioral levels, the student will see the
power and usefulness of a state-of-the-art hardware CAD synthesis tool.

New to This Edition

In this newly revised second edition, a new chapter on interfacing microprocessors
with external devices has been added. Just knowing how to design and implement a
microprocessor is not sufficient. The main purpose and usage of a microprocessor is
to control external devices. This entire chapter contains many real-world examples on
interfacing microprocessors with external devices. Students can use these examples to
help them in doing their final projects.

Throughout the book, many new examples have been added and old examples
updated. This new edition also covers the usage of both Verilog and VHDL, the two
industry standard hardware description languages for describing digital circuits. All
circuit examples, in addition to having schematic diagrams, also include codes written
in both VHDL and Verilog.

In addition to the Altera FPGA development software, a new section in the
Appendix is added for using the Xilinx FPGA development software. Using either
the Altera or the Xilinx FPGA development software and their respective FPGA
hardware development boards, students can actually implement these microprocessor
circuits and see them execute, both in software simulation and in hardware. The book
contains many interesting examples with complete schematic diagrams and Verilog
and VHDL codes for implementing them in hardware. With the hands-on exercises,
students will learn not only the principles of digital logic design but, also in practice,
how circuits are implemented using current technologies.

To actually see your own microprocessor come to life in real hardware and being
able to control real-world external devices is an exciting experience. Hopefully, this
will help students to not only remember what they have learned but will also get them
interested in the world of microprocessor controllers and digital circuit design.
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PREFACE Xix
Using This Book

This book can be used in either an introductory or a more advanced course in digital
logic design. For an introductory course with no previous background in digital logic,
Chapters 1 and 2 are intended to provide the fundamental basic concepts in digital
logic design, while Chapters 3 and 4 cover the design of combinational circuits and
standard combinational components. Chapter 5 on the design of sequential circuits
can be introduced and lightly covered.

An advanced digital logic design course will start with sequential circuits in
Chapter 5, and the design of finite-state machines in Chapter 6. Chapters 7 and 8
cover the design of datapaths and control units, and the building of dedicated and
general-purpose microprocessors. Finally, Chapter 9 concludes with the interfacing of
microprocessors with the external world.

It is strongly recommended that a lab component be fully integrated with the lecture.
With an integrated lab, students can have a hands-on learning experience alongside the
theoretical concepts that they have learned in class. In fact, many teachers find that too
often not enough hours are given to the lab. As we probably know, it is often easier to
understand the theory, but to actually implement a circuit and to get it to work requires
much more detail and time. Ready-to-use labs that complement the lecture are available
for download from the teachers’ resource website at https://login.cengage.com.

Chapter 1—Introduction to Microprocessor Design gives an overview of the var-
ious components of a microprocessor circuit and the different abstraction levels in
which digital circuits can be designed.

Chapter 2—Fundamentals of Digital Circuits provides the basic principles and
theories for designing digital logic circuits by introducing binary numbers, the use of
truth tables, Boolean algebra, and how the theories get translated into logic gates and
circuit diagrams. Also a brief introduction to Verilog and VHDL is given.

Chapter 3—Combinational Circuits shows how combinational circuits are ana-
lyzed, synthesized, and optimized.

Chapter 4—Standard Combinational Components discusses the standard combi-
national components that are used as building blocks for larger digital circuits. These
components include the adder, subtractor, arithmetic logic unit, decoder, multiplexer,
tri-state buffer, comparator, shifter, and multiplier. In a hierarchical design, these com-
ponents will be used in the building of the datapath used in the microprocessor.

Chapter 5—Sequential Circuits introduces latches and flip-flops as basic storage
elements and then continues with larger storage components such as registers, register
files, and memories. Special sequential components such as shift registers and counters
are also covered.

Chapter 6—Finite-State Machines shows how finite-state machines are analyzed,
synthesized, and optimized.

Chapter 7—Dedicated Microprocessors first introduces the need for a datapath,
and then explains how a control unit, in the form of a finite-state machine, is used to
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control the datapath. The chapter expands further showing how dedicated micropro-
cessors are constructed by connecting the datapath and the control unit together as
one coherent circuit.

Chapter 8—General-Purpose Microprocessors continues on from Chapter 7 to
suggest that a general-purpose microprocessor is really a dedicated microprocessor
that is dedicated to only read, decode, and execute instructions. The chapter discusses
the complete design and construction of two simple general-purpose microprocessors
with their own custom instruction set, and how programs written in machine language
are executed on them. The highlight of this chapter and this book is that these two
fully-working general-purpose microprocessors can be implemented in hardware and
have programs executed by them.

Chapter 9—Interfacing Microprocessors provides several complete examples on
how to interface microprocessors with real-world external devices. Examples include
interfacing with a real-time clock IC using the I?C protocol, Bluetooth communication
using RS-232, and drawing graphics on a VGA monitor.

The Appendixes provide tutorials on using both the Altera and Xilinx software
development tools, and summaries on the Verilog and VHDL hardware description
languages.

Supplements

Resources for the book can be found at https://login.cengage.com/. The instructor site
is password protected and requires a verified instructor login to access the site.

Student Resources

. Chapter on Implementation Technologies

- Labs for each chapter

- All of the example codes from the book in VHDL and Verilog
- Altera FPGA development software download

- Xilinx FPGA development software download

Instructor Resources

- Chapter on Implementation Technologies

- Labs for each chapter

- PowerPoint lecture slides

- Solutions to problems at the end of each chapter

- All of the example codes from the book in VHDL and Verilog
- Altera FPGA development software download

- Xilinx FPGA development software download
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CHAPTER 1 INTRODUCTION TO MICROPROCESSOR DESIGN

Electronic devices are an integral part of our lives. Every day and everywhere we
see and use electronic devices, from cellular telephones to electronic billboards, cars,
toys, TVs, elevators, musical greeting cards, personal computers, traffic lights, and
many more. Inside each and every one of them, there is a microprocessor that controls
their operations. Microprocessors are at the heart of all of these “smart” devices.
Their smartness is a direct result of the work of the microprocessor, without which
none of these electronic devices would be able to operate as they do.

There are generally two types of microprocessors: general-purpose microprocessors
and dedicated microprocessors. General-purpose microprocessors, such as the Intel
Core™ i7 CPU shown in Figure 1.1(a) can perform different tasks under the control
of different software programs. General-purpose microprocessors typically are much
more powerful in terms of processing power and speed. However, they usually require
external components for their memory and supporting input/output (I/O) peripherals.
They are used in all personal computers.

Dedicated microprocessors, also known as microcontrollers or application-specific
integrated circuits (ASICs), on the other hand, are designed to perform just one specific
task. For example, inside your cell phone is a dedicated microcontroller that does noth-
ing else but control its entire operation. Microcontrollers therefore are usually not as
powerful (because they do not need to perform so many tasks) as a microprocessor and
are much smaller in size. However, they usually will have the memory and supporting
I/O peripherals included inside the chip, hence the entire system can be on a single chip.
For example, the Atmel ATtinyl3A microcontroller shown in Figure 1.1(b) has built-in
flash memory, electrically erasable programmable read-only memory (EEPROM)), static
random-access memory (SRAM), general-purpose I/Os, timers, serial interface, and ana-
log-to-digital converters (ADC). Dedicated microcontrollers are used in almost all smart
electronic devices. Although the small dedicated microcontrollers are not as powerful
and are slower in speed as compared to general-purpose microprocessors, they are being
sold much more and are used in a lot more places than general-purpose microprocessors.
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FIGURE 1.1 Microprocessors: (a) General-purpose Intel Core™ i7 CPU; (b) Dedicated
Atmel ATtiny13A microcontroller.
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OVERVIEW OF MICROPROCESSOR DESIGN 3

In this book, I will show you in detail how to design, implement, and interface a
microprocessor. At the end, you will be able to design your own custom microproces-
sor and use it to control your own electronic device. I will use a hands-on approach to
guide you step-by-step through the entire design process with complete circuits that
you actually can implement in hardware. The exciting part is that at the end, you can
actually, very easily and inexpensively, implement your own custom microprocessor in
a real integrated circuit (IC) and see that it really can execute software programs, make
lights flash, or do whatever you have designed it to do.

We will start with the fundamentals of digital logic circuit design in Chapter 2, which
will provide you with a good foundation and basic building blocks for creating larger and
more complex digital circuits. Chapters 3 and 4 will discuss the design of simple digital
circuits and common circuits that are used as building blocks for larger circuits. Chapter
5 talks about the design of memory circuits. Typically, an introduction to digital logic
design course will cover the materials from Chapters 1 to 5 only. Moving on to more
advanced digital logic design, Chapter 6 talks about control unit circuits. Chapter 7 talks
about the datapath and how to connect it with the control unit to produce a dedicated
microcontroller. Chapter 8 extends the dedicated microcontroller from Chapter 7 to
produce a general-purpose microprocessor. Finally, Chapter 9 concludes with examples
of how to interface these microprocessors and microcontrollers in the real world.

1.1 Overview of Microprocessor Design

The microprocessor or microcontroller is an electronic digital logic circuit that is imple-
mented inside an IC chip. Any digital electronic circuit at the lowest physical level
understands only whether there is electricity or no electricity, which is typically rep-
resented by the use of a 1 or a 0. The question is how do we design a microprocessor
so that it can understand the 1s and 0s, and then do something meaningful with that
understanding? To design a microprocessor is to design its logic circuit to do whatever
it is intended to do. To implement the microprocessor is to put the logic circuit of the
microprocessor onto an IC chip.

Previously, making an IC chip with any circuit was a long and expensive pro-
cess. With the advance of large-capacity field-programmable gate array (FPGA) chips,
digital circuits of almost any size can be implemented in a chip easily and quickly.
Moreover, because FPGA chips are erasable, you can use the same FPGA chip over and
over again to implement different circuits. If you put an adder circuit in the FPGA chip,
that chip will be an adder, and if you put a traffic light controller circuit in the FPGA
chip, that chip will be a traffic light controller. So implementing any digital circuit in a
FPGA chip is quite simple. The challenge now is how to design the circuit; how do we
design the adder circuit or the traffic light controller circuit?

A block diagram of a microprocessor circuit is shown in Figure 1.2. As you can
see, it is divided into two main parts: the control unit and the datapath. The datap-
ath is responsible for the execution of all of the microprocessor’s data operations,
such as the addition of two numbers inside the arithmetic logic unit (ALU). The dat-
apath also includes registers for the temporary storage of data and comparators for
testing data values. These and many other functional units are connected together
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FIGURE 1.2 Internal parts of a microprocessor.

with multiplexers and data signal lines. The data signal lines are for transferring data
between two functional units. Sometimes, several data signal lines are grouped together
to form a bus. The width of the bus (i.e., the number of data signal lines in the group) is
annotated next to the bus line. In the figure, the bus lines are thicker and are 8-bit wide.
Multiplexers, also known as MUXs, are for selecting data from two or more sources to
go to one destination. In the figure, a 2-to-1 multiplexer is used to select between the
input data and the constant “0” to go to the left operand of the ALU. The output of the
ALU is connected to the input of the register. The output of the register is connected
to three different destinations: (1) the right operand of the ALU; (2) an or gate used
as a comparator for the test “not equal to 0”; and (3) a tri-state buffer, which is used to
control the output of the data from the register.

Even though the datapath is capable of performing all of the microprocessor’s data
operations, it cannot, however, do it on its own. In order for the datapath to execute the
operations automatically and correctly, a control unit is required. The control unit, also
known as the controller, controls all of the operations of the datapath and therefore,
the operations of the entire microprocessor. The control unit is also called a finite-state
machine (FSM) because it is a machine that executes by going from one state to another,
and there are only a finite number of states for the machine to go to. The control unit is
made up of three parts: (1) the next-state logic; (2) the state memory; and (3) the output
logic. The purpose of the state memory is to remember the current state that the FSM
is in. The next-state logic is the circuit that determines what the machine’s next state
should be. The output logic is the circuit that generates the actual control signals for
controlling the datapath and/or external devices.

Every digital logic circuit, regardless of whether it is part of the control unit or
the datapath, is categorized as either a combinational circuit or a sequential circuit.
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A combinational circuit is one where the output of the circuit is dependent only on the
current inputs to the circuit, and therefore has no memory about what has happened
before. For example, an adder is a combinational circuit because it will produce a sum
when given any two input numbers.

A sequential circuit, on the other hand, is dependent not only on the current inputs,
but also on all of the previous inputs. In other words, a sequential circuit has to remem-
ber its past history. For example, a register is a sequential circuit because it can remember
a value indefinitely. Because sequential circuits are dependent on the history, they must
contain memory elements to remember that history. Combinational circuits, on the other
hand, do not need to remember the history, and so they do not have memory elements.

An analogy of the difference between a combinational circuit and a sequential cir-
cuit is the combination lock that we are familiar with. There are actually two different
types of combination locks as shown in Figure 1.3. For the lock in Figure 1.3(a), you
just turn the three number dials in any order you like to the correct number and the lock
will open. For the lock in Figure 1.3(b), you also have three numbers that you need to
turn to, but you need to turn to these three numbers in the correct sequence. If you turn
to these three numbers in the wrong sequence the lock will not open even if you have
the numbers correct. The lock in Figure 1.3(a) is like a combinational circuit where the
order in which the inputs are entered into the circuit does not matter, whereas, a sequen-
tial circuit is like the lock in Figure 1.3(b) where the sequence of the inputs does matter.

Examples of combinational circuits inside the microprocessor include the ALU,
multiplexers, tri-state buffers, and comparators in the datapath, and the next-state logic
and output logic circuits in the control unit. Examples of sequential circuits include
the register for the state memory in the control unit and the registers in the datapath.

Nattawat Kaewjirasit / Shutterstock.com

Cloud7Days / Shutterstock.com

(b)

FIGURE 1.3 Two types of combination locks: (a) the order in which you enter the
numbers does not matter; (b) the order in which you enter the numbers does matter.
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All digital logic circuits, whether they are combinational or sequential, are made up of
the three basic logic gates: AND, ORr, and NoT gates. From these three basic gates, the most
powerful computer can be made. Furthermore, these basic gates are built using transis-
tors—the fundamental building blocks for all digital logic circuits. Transistors are simply
electronic binary switches that can be turned on and off. The 1s and 0s that we, as com-
puter scientists, often talk about are used to represent the on and off states of a transistor.

To summarize, transistors, as the lowest-level building blocks, are used to build
the basic logic gates. Logic gates are connected together to form either combinational
circuits or sequential circuits. The difference between these two types of circuits is only
in the way the logic gates are connected together. Certain combinational circuits and
sequential circuits are used as standard building blocks for larger circuits and so are
kept in standard libraries. These standard combinational and sequential components
are connected together to form either the datapath or the control unit. Finally, com-
bining the datapath and the control unit together will produce the circuit for either a
dedicated or a general-purpose microprocessor.

1.2 Design Abstraction Levels

Digital circuits can be designed at any one of several abstraction levels. When designing
a circuit at the transistor level, which is the lowest level, you are dealing with discrete
transistors and connecting them together to form the circuit. The next level up in the
abstraction is the gate level. At this level, you are working with logic gates to build the
circuit. In using logic gates, a designer usually creates standard combinational and
sequential components for building larger circuits. In this way, a very large circuit, such
as a microprocessor, can be built in a hierarchical fashion. Design methodologies have
shown that solving a problem hierarchically is always easier than trying to solve the
entire problem as a whole from the ground up. These combinational and sequential
components are used at the register-transfer level to build the datapath and the control
unit in the microprocessor. At the register-transfer level, we are concerned with how the
data is transferred between the various registers and functional units to realize or solve
the problem at hand. Finally, at the highest level, called the behavioral level, we can
describe the behavior or operation of the circuit using a high-level hardware description
language, and we can use a synthesizer, which is equivalent to a compiler, to automati-
cally generate the logic circuit for it. Designing at this level does not require knowledge
of the underlying logic gates and circuits because the synthesizer will automatically
create the logic circuit for you. This is very similar to writing a computer program
using a high-level programming language, and then using the compiler to automatically
translate the program into machine language that the computer can execute.

An important point to realize is that there are many different ways to create
the same functional circuit. Although they are all functionally equivalent, they are
different in other respects, such as the actual circuit (how the transistors or gates
are connected together), size (how big the circuit is or how many transistors or gates
it uses), speed (how long it takes for the output result to be valid), cost (how much
it costs to manufacture), and power usage (how much power it uses). Hence, when
designing a circuit, in addition to being functionally correct, we also should consider
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the economic versus performance tradeoffs. In this book, we will focus mainly on how
to design a functionally correct circuit with some discussion about how to optimize
the circuit size.

1.3 Examples of a 2-to-1 Multiplexer

As an introduction example, let us look at the design of the 2-to-1 multiplexer from
different abstraction levels. At this point, don’t worry too much if you don’t understand
the details of how all of these circuits are built. This example is intended just to give
you an idea of what the circuit looks like at the different abstraction levels. We will get
to the details in the rest of the book.

The multiplexer is a component that is used a lot in the datapath. An analogy for
the operation of the 2-to-1 multiplexer is similar in principle to a railroad switch in
which two railroad tracks are to be merged onto one track. The switch controls which
one of the two trains on the two separate tracks will move onto the one track. Similarly,
the 2-to-1 multiplexer has two data inputs, d; and d,;, and a select input, s. The select
input determines which data from the two data inputs will pass to the output, y.

Figure 1.4 shows the graphical symbol, also referred to as the logic symbol, for the
2-to-1 multiplexer. From looking at the logic symbol, you can tell how many signal lines
the 2-to-1 multiplexer has, and the name or function designated for each line. For the
2-to-1 multiplexer, there are two data input signals, d; and d, a select input signal, s,
and an output signal, y.

dy dy

1.3.1 Behavioral Level

S
We can describe the operation of the 2-to-1 multiplexer simply w

(using the same names as in the logic symbol) by saying that
y

if s = 0 then d|, passes t0 y, FIGURE 1.4 Logi
.4 Logic

otherwise symbol for the
2-to-1 multiplexer.
d, passes to y

Or more precisely, the value that is at d;, passes to y if s = 0, and the value that is
at dy passes to yif s = 1.

We use a hardware description language (HDL), which is quite similar to many
high-level computer programming languages, to describe the circuit at the behavioral
level. When describing a circuit at this level, you would write basically the same thing
as in the description, except that you have to use the correct syntax required by the
hardware description language. Figure 1.5 shows the description of the 2-to-1 multi-
plexer using the hardware description language called Verilog, and Figure 1.6 shows
the description of the same 2-to-1 multiplexer using another hardware description
language called VHDL, which stands for VHSIC Hardware Description Language
(VHSIC, in turn, stands for Very High Speed Integrated Circuit). Verilogand VHDL
are two standard hardware description languages used for digital logic design.
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module multiplexer (
input s,
input do,
input di,
output reg y
)

always @ (s or dO or dl) begin

if (s == 0) begin
y = do;
end else begin
y = di;
end
end
endmodule

FIGURE 1.5 Behavioral Verilog code for a 2-to-1 multiplexer.

In the Verilog code shown in Figure 1.5, the declaration of the component begins
with the keyword module followed by the name of the component, which in the exam-
ple, is the user identifier multiplexer. All of the words used in Verilog are case sen-
sitive. The input and output interface signals are listed next using the keywords input
and output. For ease of reference, the user-defined names used for these signals match
those shown earlier in the logic symbol. The always block is followed by its sensitivity
list of signals inside the parentheses. The always block is executed each and every time
when any one of the signals in the sensitivity list changes value. The statements inside
the always block (bracketed by the begin and end keywords) are executed sequen-
tially. In the example, there is only one if-then-else statement inside the block.
Like any if statement in other programming languages, the assignment statement y
= do is executed when the condition “s equals to 0” is true, otherwise the assignment
statement y = d1 is executed. For the two assignment statements, the value for the
expression on the right side of the equal sign is assigned to the signal on the left side
of the equal sign. Notice that the output signal v on the left side of the equal sign is
declared as a reg because assignment statements inside the always block cannot
drive a wire data type, but can only drive a register or an integer data type. Finally,
the module is terminated with the keyword endmodule. A summary of the Verilog
language can be found in Appendix C.

In the VHDL code shown in Figure 1.6, the LIBRARY and USE statements are simi-
lar to the “#include” and “using namespace” preprocessor commands in C++. None
of the words used in VHDL is case sensitive, however, in the examples, the keywords
are shown in upper case. The 1EEE library contains the definition for the sTp_rogic
type used in the declaration of signals. The ENTITY section declares the interface for
the circuit by specifying the input and output signals of the circuit. In this example,
there are three input signals of type sTp_rocic and one output signal also of type
STD_LoGIC. Again, the names used for these signals match those shown earlier in the
logic symbol. The ARCHITECTURE section defines the actual operation of the circuit.
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LIBRARY IEEE;
USE IEEE.STD_LOGIC 1164 .ALL;

ENTITY multiplexer IS PORT (
s, do, di: IN STD LOGIC;
y: OUT STD LOGIC) ;

END multiplexer;

ARCHITECTURE Behavioral OF multiplexer IS
BEGIN
PROCESS (s, do, dil)
BEGIN
IF (s = '0') THEN
y <= do;
ELSE
y <= dil;
END IF;
END PROCESS;

END Behavioral;

FIGURE 1.6 Behavioral VHDL code for a 2-to-1 multiplexer.

The ARCHITECTURE keyword is followed by a user identifier name and the entity that
it is for. The procEss block with its sensitivity list is like the always block in Verilog.
The operation of the multiplexer is defined in the conditional IF-THEN-ELSE statement.
The two signal assignment statements, which use the symbol <= to denote the signal
assignment, in conjunction with the 1IF-THEN-ELSE statement, says that the signal y gets
the value of d if s is equal to 0; otherwise, y gets the value of d;. The procEss block is
terminated by the END PROCESS statement, and the ARCHITECTURE block is terminated by
the EnD keyword followed by the name of this architecture. A summary of the VHDL
language can be found in Appendix D.

Having written the behavioral code, either in Verilog or VHDL, we will use a syn-
thesizer to automatically construct the netlist (which is the circuit connections) that
will operate according to the description of the code. As you can see, when designing
circuits at the behavioral level, we do not need to know what logic gates are needed or
how they are connected together. We only need to know their interface and functional
operation, and then describe it using an HDL.

1.3.2 Gate Level

At the gate level, you can draw a schematic diagram or circuit diagram, which shows
how the logic gates are connected together. Two different schematic diagrams of a
2-to-1 multiplexer circuit are shown in Figures 1.7(a) and (b). In Figure 1.7(a), the
circuit uses three NoT gates (), four 3-input AND gates (30-), and one 4-input OR gate
(). In Figure 1.7(b), only one NoT gate, two 2-input AND gates, and one 2-input orR
gate are needed. Although one circuit is larger (in terms of the number of gates needed)
than the other, both of these circuits realize the same 2-to-1 multiplexer function.
Therefore, when we want to actually implement a 2-to-1 multiplexer circuit, we will
want to use the second, smaller circuit rather than the first.
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