fundamentals of digital logic with
verilog design

The rapid evolution of technology hinges on the intricate dance of digital
systems, and at the heart of this lies digital logic. Understanding the
fundamentals of digital logic is not just a prerequisite for aspiring
electrical engineers and computer scientists; it's the bedrock upon which
modern electronics and computing are built. This comprehensive guide delves
into the core principles of digital logic, exploring combinational and
sequential circuits, essential building blocks like logic gates, and the
crucial role of Hardware Description Languages (HDLs). Specifically, we will
focus on Verilog, a powerful and widely adopted HDL, and how it facilitates
the design and verification of complex digital systems. From basic Boolean
algebra to advanced state machine design with Verilog, this article will
equip you with a solid foundation in the fundamentals of digital logic with
Verilog design.
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Introduction to Digital Logic

Digital logic is the foundation of all digital systems, from simple
calculators to sophisticated supercomputers. It deals with electrical signals



that represent discrete values, typically binary: 0 (low voltage) and 1 (high
voltage). This binary representation allows for the processing and
manipulation of information in a reliable and unambiguous manner. By
understanding how these binary values interact through logical operations, we
can design and build complex circuits that perform specific functions. The
field of digital logic is essential for anyone involved in hardware design,
embedded systems, and computer architecture.

The ability to represent and process information using binary states is what
distinguishes digital systems from their analog counterparts. Analog systems
deal with continuous signals, which are prone to noise and degradation.
Digital logic, on the other hand, leverages the distinctiveness of binary
states to achieve greater accuracy, reliability, and noise immunity. This
inherent robustness makes digital logic the preferred approach for most
modern electronic applications. The principles explored in digital logic
directly translate into the design of microprocessors, memory units, digital
signal processors, and countless other electronic components that power our
technological world.

Understanding Boolean Algebra and Logic Gates

The Essence of Boolean Algebra

Boolean algebra, named after George Boole, is the mathematical framework for
digital logic. It operates on binary variables, which can only take on two
values: 0 and 1. The fundamental operations in Boolean algebra are AND, OR,
and NOT. These operations form the basis for all digital circuits. For
instance, the AND operation outputs 1 only if all its inputs are 1, while the
OR operation outputs 1 if at least one of its inputs is 1. The NOT operation
inverts the input, turning a 0 into a 1 and a 1 into a 0. These operations,
along with others 1like XOR, NAND, and NOR, are the building blocks of any
digital circuit.

Understanding the properties and theorems of Boolean algebra is crucial for
simplifying complex logic expressions. Identities such as the commutative,
associative, and distributive laws, along with De Morgan's theorems, allow
designers to reduce the number of gates required for a particular function,
leading to more efficient and cost-effective circuit designs. Minimizing
logic can lead to reduced power consumption, lower propagation delays, and a
smaller physical footprint for the integrated circuit.

The Fundamental Logic Gates



Logic gates are the physical implementations of Boolean algebra operations.
They are electronic circuits that perform a basic logical function on one or
more binary inputs and produce a single binary output. The most fundamental
logic gates include:

e AND gate: Outputs 1 if and only if all inputs are 1.

OR gate: Outputs 1 if at least one input is 1.

NOT gate (Inverter): Outputs the opposite of the input.

NAND gate: Outputs O if and only if all inputs are 1 (NOT AND).

NOR gate: Outputs 0 if at least one input is 1 (NOT OR).

XOR gate: OQutputs 1 if the inputs are different.

e XNOR gate: Outputs 1 if the inputs are the same.

These basic gates can be combined in various configurations to create more
complex logic functions. For example, a multiplexer, which selects one of
several input signals and forwards it to a single output, can be built using
AND, OR, and NOT gates. Similarly, adders, subtractors, and decoders are all
constructed from combinations of these fundamental building blocks. The
ability to implement these logic functions in hardware is what makes digital
computing possible.

Combinational Logic Circuits: Designing Without
Memory

Combinational logic circuits are digital circuits whose output at any given
time depends only on the current inputs. They do not have any internal memory
or state. Once the inputs are applied, the outputs will change accordingly
after a certain propagation delay. These circuits are essential for
performing arithmetic operations, data selection, and decoding information.

The design process for combinational logic circuits typically involves
starting with a functional requirement, translating it into a truth table,
and then deriving a Boolean expression. This expression can then be
simplified using Boolean algebra or Karnaugh maps. The simplified expression
is then implemented using logic gates. Common examples of combinational logic
circuits include adders, subtractors, encoders, decoders, multiplexers, and
demultiplexers. Each of these circuits performs a specific, well-defined
function based solely on its inputs.



Adders and Subtractors

Arithmetic operations are fundamental to digital computing. Adders are
combinational circuits that perform the binary addition of two or more binary
numbers. A half adder adds two single bits, producing a sum and a carry-out.
A full adder adds three single bits (two input bits and a carry-in bit),
producing a sum and a carry-out. By cascading full adders, we can create
ripple-carry adders that can add multi-bit numbers. Subtractors are typically
implemented using adders by employing the two's complement representation of
negative numbers.

Encoders and Decoders

Encoders are circuits that convert a set of input signals into a coded output
signal. For instance, a priority encoder takes multiple input lines and
produces an output code representing the highest-priority active input.
Decoders, on the other hand, perform the reverse operation. A decoder takes a
coded input and activates one of several output lines. A common example is a
BCD-to-7-segment decoder, which converts a Binary Coded Decimal (BCD) input
into signals that drive a 7-segment display to show a decimal digit.

Multiplexers and Demultiplexers

Multiplexers (MUX) are data selectors. They have multiple data inputs, a
select input, and a single output. Based on the value of the select input,
the multiplexer routes one of the data inputs to the output. They are often
referred to as "many-to-one" switches. Demultiplexers (DEMUX) are the
opposite of multiplexers. They have a single data input, select inputs, and
multiple data outputs. The select inputs determine which output line receives
the data input. They are "one-to-many" switches, used for distributing data
to different destinations.

Sequential Logic Circuits: Designing with
Memory

Sequential logic circuits are digital circuits whose output at any given time
depends not only on the current inputs but also on the past sequence of
inputs. This is achieved through the use of memory elements, which store the
circuit's state. These memory elements are typically implemented using flip-
flops or latches, which can hold a binary value.

Sequential circuits are the basis for all memory devices, state machines, and



synchronous systems. They are categorized into two main types: synchronous
and asynchronous sequential circuits. Synchronous sequential circuits use a
clock signal to synchronize state changes, ensuring predictable and orderly
operation. Asynchronous sequential circuits, while less common in complex
designs, do not rely on a clock signal and their state changes are triggered
directly by input changes, which can lead to race conditions if not carefully
designed.

Flip-Flops and Latches

Flip-flops and latches are the fundamental memory elements in sequential
circuits. They are bistable multivibrators, meaning they can exist in one of
two stable states and can be switched between these states by external
inputs. A latch is a basic storage element that is sensitive to the level of
its control input. When the control input is active, the output follows the
data input. When the control input is inactive, the output remains in its
last state.

Flip-flops are edge-triggered, meaning they change their output state only on
the rising or falling edge of a clock signal. Common types of flip-flops
include:

e SR Flip-Flop: Has Set (S) and Reset (R) inputs.

e D Flip-Flop: Has a Data (D) input and an output that follows the input
on the clock edge.

e JK Flip-Flop: Similar to an SR flip-flop but has a toggle mode.

e T Flip-Flop: Toggles its output state when the T input is high.

These memory elements are crucial for storing information, implementing
counters, shift registers, and the state registers of finite state machines.

Counters and Shift Registers

Counters are sequential circuits that count the number of clock pulses that
have passed. They are built using flip-flops and logic gates. Counters can be
designed to count up, count down, or count in a specific sequence.
Applications include frequency division, timing circuits, and controlling
sequential operations. Shift registers are sequential circuits that shift
their stored data one position to the left or right with each clock pulse.
They are used for data manipulation, serial-to-parallel conversion, and
parallel-to-serial conversion.



Introduction to Verilog for Digital Design

Hardware Description Languages (HDLs) are specialized programming languages
used to describe the behavior and structure of electronic circuits. Verilog
is one of the most popular and widely used HDLs, alongside VHDL. Verilog
provides a structured way to describe digital systems at various levels of
abstraction, from a high-level behavioral description to a gate-level
netlist. It is used for both simulation (verifying the design's
functionality) and synthesis (converting the HDL description into a hardware
implementation).

The power of Verilog lies in its ability to model complex digital systems in
a way that is both readable and executable. It allows designers to create
hierarchical designs, where larger systems are built from smaller, reusable
modules. This modularity, combined with Verilog's clear syntax and extensive
feature set, makes it an indispensable tool for modern digital design.
Learning Verilog is a critical step for anyone aspiring to work in fields
like ASIC design, FPGA development, and embedded systems.

Verilog Basics: Data Types, Operators, and
Assignments

Verilog has a set of fundamental building blocks that are essential for
writing any design. These include data types to represent signals and
variables, operators to perform logical and arithmetic operations, and
assignment statements to define the behavior of signals.

Verilog Data Types

Verilog uses specific data types to represent the signals and variables
within a digital design. The most common ones are:

e “wire': Used for physical connections between components, representing
wires in a circuit.

“reg : Used to store values, typically in sequential logic or procedural
blocks. Unlike wires, "reg" variables can hold their value between
assignments.

e “integer ' : A signed, general-purpose integer type used for loop counters
or temporary storage.

“time ' : Used to store simulation time.



For representing multiple bits, Verilog uses vectors. A “wire [7:0]
data bus;  declaration defines an 8-bit bus named “data bus'.

Verilog Operators

Verilog supports a rich set of operators for performing various operations:

e Arithmetic operators: '+, -°, ", /', "% (addition, subtraction,
multiplication, division, modulo).

e Logical operators: &&", ||, !  (logical AND, logical OR, logical
NOT). These operate on single bits.

e Bitwise operators: &, |, ~, "*, "*~ (bitwise AND, OR, NOT, XOR,
XNOR) . These operate on each bit of a vector independently.

e Reduction operators: &, |, ", '~&, "~|°, "°~" (reduce the bits of
a vector to a single bit using a specific operation).

e Relational operators: "<, ">, <=, ">=", ==, "I=" (comparison
operations).

e Equality operators: ==, "!=", "===", “l==" (X asserts equality, X/Z
asserts inequality).

e Assignment operators: =", '<=", “<=" (blocking and non-blocking
assignments).

Verilog Assignments

Assignments in Verilog are used to describe how signals change their values.
There are two main types:

e Continuous Assignments ( assign’): Used for combinational logic. They
describe a permanent connection where the right-hand side expression 1is
continuously evaluated and the result is driven to the left-hand side.
Example: “assign out = a & b;°

e Procedural Assignments: Used within “always®™ blocks for sequential or
combinational logic.

o Blocking assignments (°="): The assignment is executed immediately.



The next statement in the "always block is executed only after the
blocking assignment is complete.

o Non-blocking assignments ( <="): The assignment is scheduled to
occur at the end of the current time step. This is crucial for
modeling sequential logic correctly, as it prevents race
conditions.

The “always™ block is a powerful construct that can describe combinational or
sequential logic based on the sensitivity list (the signals that trigger the
block's execution). For combinational logic, "always @() is used, and for
synchronous sequential logic, "always @(posedge clk) or "always @(negedge
clk) ™ is used.

Modeling Combinational Circuits in Verilog

Verilog provides several ways to model combinational logic circuits. The
choice of modeling style often depends on the desired level of abstraction
and the specific circuit being designed. Understanding these different
approaches is key to effective Verilog design.

Using Continuous Assignments ( assign’)

The “assign® statement is the most direct way to model combinational logic.
It describes a combinational relationship between inputs and outputs. For
example, to model a 2-to-1 multiplexer:

““verilog
module mux 2 to 1 (input a, b, sel, output out);
assign out = sel ? b : a; // If sel is 1, output b; otherwise, output a.
endmodule

This style is concise and directly maps to the hardware structure. It's ideal
for simple logic functions and when the design is intended to be directly
synthesized into gates.

Using "always Blocks for Combinational Logic

The “always @() block can also be used to model combinational logic. The
() in the sensitivity list signifies that the block should re-evaluate



whenever any of its inputs change. This is equivalent to a continuous
assignment but allows for more complex conditional logic.

““verilog
module mux 2 to 1 always (input a, b, sel, output reg out);
always @() begin
if (sel) begin

out = b;

end else begin
out = a;

end

end

endmodule

It is crucial that all possible output assignments are covered within an
"always @()  block for combinational logic. If an assignment is missed for a
particular input combination, the output might retain its previous value,
effectively creating unintended memory, which is undesirable in combinational
circuits. This is known as "inferring latches," and it's usually a design
error.

Modeling Sequential Circuits in Verilog

Modeling sequential circuits in Verilog requires careful use of the “always’
block and non-blocking assignments ('<=") to accurately represent the
behavior of memory elements like flip-flops. The clock signal plays a
critical role in synchronizing state transitions.

Synchronous Sequential Logic with “always @(posedge
clk)’

Synchronous sequential circuits are designed to change state only on the
active edge of a clock signal. The "always @(posedge clk) or “always
@(negedge clk)" construct is used to model this behavior. Non-blocking
assignments are essential here because they ensure that all updates within a
clock cycle are based on the values of signals at the beginning of the cycle,
preventing race conditions.

““verilog
module d flip flop (input clk, d, output reg q);
always @(posedge clk) begin
g <= d; // Non-blocking assignment
end
endmodule



In this example, the output "q updates to the value of "d° only on the
rising edge of the clock signal "clk’. If there were a "reset’ signal, it
would also be included in the sensitivity list, often handled with a priority
"if’ statement.

Asynchronous Reset

Many sequential circuits include an asynchronous reset or preset signal. This
signal can force the flip-flop into a known state regardless of the clock.
This is typically implemented with a prioritized “if-else if" structure
within the “always  block.

““verilog
module d flip flop async reset (input clk, reset, d, output reg q);
always @(posedge clk or posedge reset) begin
if (reset) begin
g <= 1'b0; // Asynchronous reset
end else begin
g <= d; // On clock edge, update with d
end
end
endmodule

Here, if "reset’ is high (assuming active-high reset), "q 1is immediately set
to 0. Otherwise, on the rising edge of "clk’, "q takes the value of 'd’.

State Machine Design with Verilog

Finite State Machines (FSMs) are a powerful abstraction for designing
sequential logic. They consist of a finite number of states, transitions
between states, and actions that occur during transitions or in states. FSMs
are commonly used in control units, sequence detectors, and protocol
implementations. A typical FSM design in Verilog involves three parts:

e State Register: This is a block of flip-flops that hold the current
state of the FSM.

* Next-State Logic: This combinational logic block determines the next
state based on the current state and the inputs.

e Output Logic: This logic block determines the outputs based on the
current state (Moore FSM) or the current state and inputs (Mealy FSM).



Implementing Moore and Mealy FSMs

Moore FSMs have outputs that depend only on the current state. Mealy FSMs
have outputs that depend on both the current state and the inputs. Both can
be implemented in Verilog using a three-process structure:

1. State Register Process: A clocked process (e.g., "always @(posedge clk
or posedge reset) ) that updates the current state register based on the
next-state logic.

2. Next-State Logic Process: A combinational process (e.g., “always @()")
that calculates the next state based on the current state and inputs.

3. Output Logic Process: A combinational process (e.g., "always @() ) that
determines the outputs based on the current state (Moore) or current
state and inputs (Mealy).

Using explicit state encoding (e.g., “parameter state A = 2'b00; ) improves
readability and helps in synthesis tools. The design structure helps in
managing complexity and debugging.

Simulation and Verification 1in Verilog

Writing Verilog code is only half the battle; ensuring its correctness
through simulation and verification is equally crucial. Simulation involves
creating a testbench, which is a separate Verilog module that instantiates
the design-under-test (DUT) and applies stimuli to its inputs while
monitoring its outputs. Verification aims to prove that the design behaves as
intended under all possible operating conditions.

Writing a Testbench

A Verilog testbench typically includes:

Declaration of input and output signals to connect to the DUT.

Instantiation of the DUT.

Generation of stimulus signals (clocks, reset, data inputs) using
“initial® and “always  blocks.

Monitoring of outputs using “$display or "$monitor system tasks.



e Timing control using "delay statements and delays within "always’
blocks.

e Error checking and assertion mechanisms.

The goal of a testbench is to exercise all possible functional paths of the
design and detect any deviations from the expected behavior. Comprehensive
testbenches are the key to robust digital designs.

Verification Methodologies

For complex designs, simple testbenches are often insufficient. Advanced
verification methodologies, such as:

e Directed Testing: Manually crafting test cases to exercise specific
functionalities.

e Constrained Random Verification (CRV): Using randomization to generate a
wide range of test cases, often guided by constraints.

e Assertion-Based Verification (ABV): Embedding properties (assertions)
within the design or testbench that are checked during simulation.

These methodologies, often supported by verification frameworks like UVM
(Universal Verification Methodology), are essential for achieving high levels
of confidence in the design's correctness. The verification phase often
consumes more effort than the design itself in large-scale digital projects.

Conclusion

Mastering the Fundamentals of Digital Logic
with Verilog Design

The journey through the fundamentals of digital logic and Verilog design
reveals a systematic approach to creating the digital systems that underpin
modern technology. We've explored the foundational principles of Boolean
algebra and logic gates, the distinction between combinational and sequential
circuits, and the essential memory elements like flip-flops. Crucially, we've
seen how Verilog serves as a powerful language to describe, simulate, and



ultimately synthesize these complex digital architectures. From basic data
types and assignments to the intricate modeling of state machines and the
vital practice of verification through testbenches, a solid grasp of these
concepts is indispensable for any aspiring hardware designer. By mastering
the fundamentals of digital logic with Verilog design, you are equipped to
contribute to the innovation and advancement in the ever-evolving field of
electronics.

Frequently Asked Questions

What is a fundamental building block in digital
logic design, and how is it represented in Verilog?

A fundamental building block is a logic gate. In Verilog, basic gates like
AND, OR, NOT, XOR, NAND, and NOR are represented using keywords such as
‘and’, ‘or’, ‘not’, "xor’, “nand’, and “nor , respectively. These keywords
are used to instantiate gate-level modules or to create combinational logic
directly.

Explain the concept of combinational logic and
provide a simple Verilog example.

Combinational logic circuits produce outputs that are solely dependent on the
current values of their inputs. There is no memory element involved. An
example is a 2-to-1 multiplexer (MUX):

““verilog
module mux 2 to 1 (input a, b, s, output y);
assign y =s ? b : a;
endmodule

Here, "y  1is assigned the value of "a if "s° is 0, and 'b" if s is 1.

What is sequential logic, and how is it
distinguished from combinational logic in Verilog?

Sequential logic circuits have outputs that depend not only on the current
inputs but also on the past state of the circuit, meaning they have memory.
This memory is typically implemented using flip-flops or latches. In Verilog,
sequential logic is usually described within “always™ blocks that are
sensitive to clock edges (e.g., "always @(posedge clk) ).

Describe the role of a clock signal in sequential
digital logic design.

A clock signal is a periodic digital signal that synchronizes the operation



of sequential logic circuits. State changes in flip-flops and latches occur
only on specific transitions of the clock signal (e.g., rising or falling
edge), ensuring that all parts of the circuit operate in unison and
preventing race conditions.

What is a finite state machine (FSM), and why is it
important in digital design?

A Finite State Machine (FSM) is a computational model that can be in exactly
one of a finite number of states at any given time. It transitions from one
state to another in response to external inputs and a clock signal. FSMs are
crucial for designing control units, sequencers, and any digital system that
needs to manage a sequence of operations or states.

How are data types and variables declared in
Verilog, and what are the common ones?

In Verilog, data types are declared using keywords like "reg’, "wire , and
“integer . “wire  1is used for connections between modules or logic elements,
representing continuous assignments. ‘reg is used for variables that hold
values between clock cycles in sequential logic, and their values are updated
within “always™ blocks. “integer” is a general-purpose integer type.

Explain the difference between procedural blocks
(Talways , “initial ) and continuous assignments
(Tassign’) in Verilog.

"assign  statements are used for continuous assignments, describing
combinational logic that is evaluated whenever any of the right-hand side
signals change. “always blocks describe behavior that occurs at specific
events, such as clock edges or signal changes, and are used for both

combinational and sequential logic. “initial’ blocks are executed only once
at the beginning of simulation, typically for testbench initialization.

What is synthesis, and how does Verilog code relate
to 1it?

Synthesis is the process of converting a high-level hardware description
language (HDL) description, like Verilog, into a netlist of standard logic
gates and flip-flops. Verilog code written with synthesizable constructs can

be automatically transformed by synthesis tools into a physical circuit
implementation on an FPGA or ASIC.

What are common pitfalls to avoid when writing
Verilog for synthesis?

Common pitfalls include: inferring latches unintentionally (by not assigning



a value to a ‘reg in all possible paths within an “always" block), creating

combinational loops, using non-synthesizable constructs (like delays ", file
I/0), and misunderstanding the behavior of procedural blocks and assignments.
Careful coding style and simulation are key.

Additional Resources

Here are 9 book titles related to the fundamentals of digital logic with
Verilog design, presented as requested:

1. Digital Design and Computer Architecture: RISC-V Edition

This comprehensive textbook bridges the gap between fundamental digital logic
concepts and the architecture of modern computers. It meticulously explains
how to design digital systems using Verilog, covering everything from basic
gates to advanced processor design. The RISC-V architecture provides a
practical and relevant context for understanding these principles in action.

2. Fundamentals of Logic Design_

A classic in the field, this book offers a thorough grounding in the core
principles of digital logic. It systematically introduces Boolean algebra,
combinational and sequential logic circuits, and state machines. While not
Verilog-specific from the outset, its foundational knowledge is essential for
anyone learning hardware description languages.

3. Verilog HDL: A Guide to Digital Design and Synthesis

This book is specifically designed to teach the Verilog Hardware Description
Language for digital design. It covers the syntax, semantics, and best
practices for writing Verilog code that can be synthesized into actual
hardware. The text emphasizes practical application and aims to equip readers
with the skills needed for real-world circuit design.

4. Digital Logic and Computer Design

This widely respected text provides a strong foundation in digital logic
circuits and their application in computer design. It delves into the
principles of combinational and sequential circuits, memory elements, and
basic computer organization. The inclusion of Verilog examples makes it a
valuable resource for learning hardware implementation.

5. Verilog Digital System Design: Register Transfer Level HDL Design
Focusing on the Register Transfer Level (RTL) of design, this book guides
readers through the process of creating complex digital systems using
Verilog. It emphasizes modular design, testbenches, and the translation of
algorithmic concepts into hardware. The content is highly practical for those
aiming to build functional hardware.

6. Digital Electronics: A Practical Approach

This book takes a hands-on approach to digital electronics, explaining
fundamental concepts through practical examples and experiments. It
introduces digital circuits and their behavior, often employing Verilog as a
tool for simulation and design. It's ideal for those who benefit from a more



applied learning style.

7. Verilog for Digital Design

This title offers a focused and practical introduction to Verilog for the
purpose of digital design. It covers essential Verilog constructs, simulation
techniques, and synthesis considerations. The book aims to make the learning
curve of Verilog manageable for beginners in digital hardware design.

8. Introduction to Digital Logic with VHDL and Verilog

This textbook provides a comparative approach to learning digital logic
design by introducing both VHDL and Verilog. It covers the foundational
concepts of digital systems and then demonstrates how these can be
implemented using both languages. The book is suitable for students who want
to gain proficiency in multiple hardware description languages.

9. FPGA Prototyping by Verilog Examples: From Simple Registers to Networking
on an FPGA

This book leverages the power of Field-Programmable Gate Arrays (FPGAs) to
illustrate Verilog design in action. It starts with basic Verilog constructs
and progresses to more advanced designs, all implemented and tested on FPGAs.
The project-based approach makes learning practical and engaging for aspiring
digital designers.
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