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INTRODUCTION

Abstract
Multiplication algorithms good multiplication algorithms are critical towards

improving the overall performance of computer systems because multiplication is
one of the basic procedures in digital computing. This study presents our analysis
and comparison of three 64-bit multiplication algorithm Booth multiplier,
Montgomery multiplier using Carry Look-Ahead (CLA) adders and Wallace Tree
multiplier using both full and half adders. The analysis investigates the execution
time, parameter of area utilization of both multiplier systems and exhaustively
evaluates their pros and cons in practice. In our results, Wallace Tree Multiplier
is a better option because of its speed and area utilization hence it is preferable to
use in the high-performance computing systems where minimal time was saved in
its completion. This study offers much information regarding the best selection of
multiplication approach to apply to a particular scenario, which forms the
foundation of enhancing mathematical functions in the digital world.

Most physical systems applications require real-time
operations to interface the high speed. limitations.
One of the most is programmable hardware structure
such as FPGA (Field Programmable Gate Array).
powerful tools on preparing systems, which require
real-time functions [1]. The FPGA technology is ever-
changing. it is making strides and is rapidly
becoming an essential element of the modern
embedded system. FPGA devices are advantageous
for prototyping because they provide high
performance hardware at a lower price than
application specific integrated circuits (ASIC) [2].
The best prototype tools are FPGAs. The transition
from the prototype to the finished product is

significantly smaller and simpler to manage when the
FPGA is incorporated in the final design [3]. Since
the same FPGA may be used in several designs,
stocking costs are decreased. Basic programmable
logic cells (LC), which make up the matrix's core and
are surrounded by programmable I/O (input,
output) cells, are the foundation of FPGA
architecture. The routing channels contain the
programmable interconnect as shown in Figure 1.
Each of the three primary functionalities (logic cells,
programmable interconnect, and programmable
I/O) will have different design specifications
depending on the vendor [4].
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Figure 1. Generic Architecture for FPGA

Many methods used in scientific calculations involve
MULTIPLICATION, a  computation-intensive
technique. Multiplication is still one of the most
fundamental arithmetic operations having significant
applications in a wide range of fields, from
embedded systems to high-performance computers,
in the constantly changing world of digital
computation. The efficiency of multiplication is a
complex task and it is of great importance to the
effectiveness of the same. functionality Digital
circuits and computers [5]. By offering an extensive
comparative analysis of three popular methods -the
Booth Multiplier, Montgomery Multiplier, and
Wallace Multiplier~this research paper probes into
in-depth details of multiplication algorithms. There
are unique attributes in each of these number
multiplication methods, Advantages, and
disadvantages that influence its use on different
purposes. Selecting the most appropriate method in
a particular. situation, be it in the case of
performance enhancement, power minimization or
space constraint, needs to know about these
differences, so as to provide a thorough analysis of
different multiplication. algorithms, performance

measures, hardware implementations and this paper
shall consider them. operational concepts

Literature Review

Multiplication is an arithmetic operation in digital
computing, and useful methods of multiplication.
are necessary in order to enhance functionality of
various applications. In the course of time, several
multiplication. algorithms, which can meet different
computing requirements [6], have been developed.
To prepare the ground to our comparison. research,
we discuss important literature on the Booth,
Montgomery and Wallace multipliers in this section.

2.1 Booth Multiplier:

Andrew Donald Booth contributed significantly to
the theory of multiplication in 1950 with a concept
known as the Booth. algorithm. It enhances
efficiency by reducing the level of unfinished goods
manufactured in the process of. multiplication.[7].
[Booth, 1950], One can multiply two signed binary
values that are normally represented in two-s
complement representation. another with a
hardware method and implementation scheme is a
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booth multiplier. In digital circuits, It is a good way
of especially those associated with microprocessors
and digital signal processors (DSPs). doing
multiplication operations. [10]. The Booth multiplier
was multiplied by searching and eliminating
unnecessary additions. method decreases the number
of additions of a partial product required in
multiplying two binary numbers. As a Outcome,
multiplication can be accomplished both faster and
using less hardware than using the traditional shift
and-add multipliers as in Figure 2. The Booth
multiplier reduces the amount of partial products

which. must be inserted, especially where the
multiplier has prolonged Os or 1s series. Quicker
multiplication processes. are the outcome and this is
particularly useful in hardware implementation such
as microprocessors and DSPs where. speed and
efficiency are important. In general, through the
patterns of multiplier and minimization of the
addition, it was possible to reduce the number of
addition. computations required, the method used
by Booth gives an ingenious means of optimizing
binary multiplication [11].

Start

]!

A=0,0,1,0, c=count
M=multiplicand/Multiplier

A=A-M

— =

A=A+M

Arithmetic Right Shift A,00,01
Count=Count+1

)

Stop

Figure 2. is the flow chart of the booth multiplier [9]

2.2 Wallace Multiplier:

A Wallace Tree, often referred to as a Wallace Tree
Multiplier, is a rapid binary multiplication digital
circuit. It is an effective way to multiply two binary

values, especially when done in hardware. Andrew
D. Wallace created the Wallace Tree Multiplier in
the 1960s [13].

2.2.1 Full Adder:

The Wallace Tree Multiplier and other arithmetic
and logical operations are implemented using a Full
Adder whose logical circuit is shown in Figure 3, an
essential digital logic circuit. Three binary inputs are

added as its main task, the two binary numbers are A
and B. The carry bit from the preceding addition is
called Cin (Carry-in). Resulting in two outputs: a
sum and a carry_out output its logical expressions
are shown in equation (1) and (2).

Logical equation for output of full adder:

Carryoy = A.B + carry_in. (A @ B)
(1)

sum =
(A @ B) @ Carry_in
()
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Figure 3. Logical Circuit of Full Adder

Based on the operations of a Full Adder, the Table 1.
displays every conceivable combination of the inputs

Table 1. Truth Table of Full Adder

(A; B, and Carry_in) and the associated outputs
(Sum and Carry_out) of Full Adder.

A B Carry-In Sum Carry_Out
0 0 0 0 0
0 0 1 1 0
0 1 0 1 0
0 1 1 0 1
1 0 0 1 0
1 0 1 0 1
1 1 0 0 1

2.2.2 Half Adder

The Wallace Tree Multiplier and other arithmetic
operations are implemented using a basic digital
circuit called a half adder, whose logical circuit
is shown in Figure 4. It is mostly used to add two
binary digits (bits) A and B and outputs the sum and
carry that are produced during addition, its logical
expressions are shown in equation (3) and (4).

Logical expression [14]. for sum and carry for half

adder is:

sum=A®@B
3)

Carry = A.B
4)
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Figure 4. Logical Circuit of Half Adder

Based on the two input bits (A and B), Table 2.
displays the half-adder's outputs (Sum and Carry).

Table 2. Truth Table of Half Adder

A B Sum Carry
0 0 0 0
0 1 1 0
1 0 1 0
1 1 0 1

The Wallace Tree Multiplier effectively produces
partial products by using full adders and half adders,
and then reduces these partial products into the final
result using a tree-like structure as shown in Figure 5.
This method is applicable to the design of digital
circuits since it facilitates the use of hardware to do

binary multiplication quickly. performances across
minimizing propagation delay. This is especially
suitable for applications where quick multiplication
is essential, like digital signal processing and
microprocessors [12].
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Figure 5. Wallace Multiplier
2.3 Montgomery Multiplier more effective operation that minimizes the number

Montgomery reduction, another name for the
Montgomery multiplication algorithm, is a technique
for modular multiplication that has benefits in some
cryptographic applications, especially when working
with big numbers. the 1980s, Peter L.
Montgomery created it.[8], Accelerating modular
multiplications, which are often used in public-key
cryptography techniques like RSA and ECC (Elliptic
Curve Cryptography), is the main goal of the
Montgomery multiplication method. It substitutes a

In

Input Data Montgomery
A (Operand) - Params

B (Operand) e
N (Modulus) s

of multiplications for conventional modular
multiplication [2]

Modular arithmetic procedures need fewer modular
multiplications when using the Montgomery
multiplier. To compute the answer in conventional
modular multiplication, modular
multiplications and modular reductions (division
operations) techniques as shown in Figure 6. are
applied. The Montgomery multiplier, on the other
hand, just requires a single modular multiplication at

the end, greatly reducing the computational work.

several

Montgomery
Ops
Montgomery
Conversion
Montgomery
Multiplication
Montgomery
Reduction

Output Data Result

Figure 6. Montgomery Multiplier Block Diagram
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2.3.1 Carry Look-Ahead Adder:

A digital circuit called a carry look-ahead adder (CLA
adder) as shown in Figure 7. It is used in computer
math to quickly add binary numbers. It is intended
to speed up the computation of the carry-out (carry),
which is the process of moving from one bit location
to the next, during addition operations. A CLA
adder predicts carries in parallel, leading to
noticeably quicker addition than ripple-carry adders,
which calculate carries sequentially from the least
significant bit (LSB) to the most significant bit
(MSB).

Logical expression [15] for sum and carry for carry

Look-Ahead Adder is:

sum=A®B
(5)

G = A&B (bitwise AND)
(6)

P = A| B (bitwise OR)
()

Carry —out = G + (P &Cin)

®)
CLA1bit:1
d |
and?2 ar?
il o - " ) N
Cout1
Mxor_Sum1
D T . Pressuit S
Mxor_Sum1
orz
P1
- 4
CLA1bit

Figure 7. Logic Circuit of Carry Look-Ahead Adder

Table 3. illustrates the behavior of a 1-bit CLA adder

for all possible input combinations, showing the

Table 3. Truth Table for CLA Adder

corresponding values for the Generate (G), Propagate
(P), sum (Sum), and carry-out (Cout) signals.

A B G

Sum Cout
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0 0 0 0 0
0 1 0 1 0
1 0 0 1 0
1 1 1 0 1

A computational technique called the Montgomery
Multiplier, which makes use of the Carry Look-
Ahead (CLA) adder, is an important number
theoretic tool. cryptography, is improved. In doing
so, it is possible to accomplish modular
multiplication, which plays a very important role in
cryptographic methods. similar to RSA and elliptic
curve cryptography-increases its performance. To
reduce propagation time, CLA adders employ a
network of logic gates to forecast carry bits in
parallel. This parallel carry prediction is a crucial tool
for cryptographic applications since it coincides with
the modular multiplication process and speeds
things up significantly [16]

Simulation Results:

3.1 Results of 64-bit Booth Multiplier

Figure 8. shows the RTL (Register-Transfer Level)
view of 64-bit Booth multiplier that uses Booth
encoding to effectively perform the multiplication of
two 32-bit operands (M and R). The circuit is made
up of clock-synchronized input and output registers,
Booth encoding logic to determine the necessary
arithmetic operations, a partial product generator to
calculate partial products based on encoding, and an
accumulator to add up these partial products to
produce the final result. When the outcome is
reliable and suitable for use, a valid signal is created,
and a Reset signal enables the internal state to be
reset.
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Figure 8. RTL view of 64 Bit Booth Multiplier

Figure 9. shows the output result of the 64-Bit booth

multiplier
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Figure 9. Output waveform of 64 Bit Booth Multiplier.
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3.2 Results of 64-bit Wallace Multiplier

Figure 10. shows the RTL view of 64-Bit Wallace
multiplier, The RTL view of a Wallace multiplier
uses 32-Bit registers to store input values in a and b,

bit-wise multiplication to create partial products in
parallel, efficient reduction of these partial products
using a tree structure, and computing the final 64-bit
output result, C.

Wallace multiplier 64

Vv

a(31:0)

b(31:0)

N

A

c(63:0)

A

\Wallace multiplier 64

Figure 10. RTL View of 64 Bit Wallace Multiplier

Figure 11. shows the output Waveform of 64-Bit
Wallace Multiplier
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Figure 11. Output waveform of 64 Bit Wallace Multiplier

3.3 Results of 64-bit Montgomery Multiplier

Figure 12. shows the Register-Transfer Level (RTL)
view of a Montgomery multiplier with 32-bit inputs
inl and in2, an 11-bit modulus n, clock signal (clk),
enable, reset, and 36-bit output mult_result along
with a mult_done flag. The operands inl and in2

undergo Montgomery multiplication while the
enable signal is active, with the outcome confined to

the modulo field specified by n. When necessary,
reset initializes the multiplier while mult_result saves
the 36-bit result and mult done indicates
completion. These operations are synchronized by
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clk. A crucial part in cryptographic and modular
arithmetic processes is played by Montgomery

multipliers.

Montgcmery_m ultiplier

'

in1(31:0)
in2(31:0)
n(10:0)

clk

enable

reset

h

N

mult_result(35:0)

mult_done

A

Montgomery_m ultiplier

Figure 12. RTL View of 64 Bit Montgomery Multiplier

Figure 10. shows the output waveform of
Montgomery multiplier.
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Figure 10. Output waveform of 64 Bit Montgomery Multiplier

Performance Analysis and Comparison

In this Table 4, three distinct multipliers
Montgomery, Wallace Tree, and Booth Multipliers
are given different metrics. These measures include
execution time, peak memory utilization, the

number of full adders and half adders, and the
number of Look-Up Tables (LUTs) used as a

percentage of the available LUTs in the
design. Based on particular project needs, these
metrics can assist determine which multiplier to
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utilize by assessing the performance, resource usage,
and efficiency of each multiplier in various

circumstances.

Table 4. Comparison of Montgomery Multiplier, Wallace Multiplier and Booth Multiplier

Montgomery Multiplier Wallace Tree Multiplier | Booth Multiplier
Number of Full Adder | 672 1697 N/A
Number of Half Adder | O 271 N/A
Peak Memory Usage 4610 MB 4620 MB 4602 MB
Time 10.594 ns 6.936 ns 8.677 ns
Number of LUTs 661 (2%) 1784 (6%) 169 (1%)
Conclusion: [2]. Tana, G. V., Anghelescu, P., & Serban, G. (2011,

The Wallace Tree Multiplier looks to have certain
benefits over the Montgomery Multiplier and the
Booth Multiplier, The Wallace Tree Multiplier is the
one that is quickest among the three, with the lowest
time (6.936 ns). This is frequently an important

consideration in many applications, particularly high-
performance computing. Due to its shorter
propagation delay (6.936 ns), the Wallace Tree
Multiplier surpasses the other two multipliers in
terms of speed. As the number of full and half
adders (1697 full adders and 271 half adders) was
dramatically increased. adders) and LUTs (6%), it
will cost in the consumption of more resources. The
Wallace Tree Multiplier is the best choice in case you
want the minimum propagation delay or you want to
reduce the number of calculationstop priority. This
decision, nevertheless, results in higher resource use.
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  Carr  y out =   A . B   +   carry _ in . ( A   ⊕   B )


  sum =  ( A ⊕   B ) ⊕   Carry _ in


  sum = A ⊕ B


  Carry = A . B


  sum = A ⊕ B


  G   =   A   &   B   ( bitwise   AND )


  P   =   A   |   B   ( bitwise   OR )


  Carry − out   =   G   +   ( P   &   Cin )

