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ABSTRACT 

A novel number system, Residue Number System (RNS) deals with a small set of 

integers making the arithmetic easier to realize. RNS is a non weighted number 

system without any significant ordering of digits which makes it suitable for fault 

tolerant applications. The research work aims at designing a fast efficient RNS based 

Booth encoded multiplier since multiplication, a very important arithmetic operation, 

is finding a great use these days in various applications (especially DSP, multimedia 

and image processing). Due to advances in technology and increasing needs for high 

speed calculations, it has become really necessary and important to design a fast 

efficient multiplier. With advances in technology, many researchers have tried and are 

trying to design multipliers which offer either to the following-high speed, low power 

consumption, regularity of layout and hence less area or even combination of them in 

multiplier. However area and speed are two conflicting constraints. So improving 

speed results always in larger areas. 

A productive method to speed up the multiplication is reduction in the Partial Product 

(PP) array. Various techniques exist for the reduction of Partial Products. But 

according to research, Booth’s algorithm is the most efficient and most widely used. 

This algorithm effectively multiplies the operands for partial product generation. In 

this research , an RNS based Booth encoded multi-modulus {2
n
-1, 2

n
, 2

n
+1}multiplier 

has been designed using Verilog HDL, synthesized and simulated on Xilinx 14.5 and 

targeted on Spartan 3E FPGA device. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation 

Multiplication, a process of repetitive addition, is gaining importance in various 

applications, especially in the field of Digital Signal Processing (DSP) for running 

complicated high speed computations [1]. Due to advances in technology and 

increasing needs for high speed calculations, it has become really necessary and 

important to design a fast efficient multiplier. A productive method to speed up the 

multiplication is reduction in the Partial Product (PP) array. Multiplication process 

involves three basic steps: 1) Generation of Partial Products (PPG) 2) Reduction in 

Partial Products (PPR) and 3) Addition of Partial products. Multipliers are a prime 

activity in most processors and generally have large area consumption and high 

latency. They are slowest components of a system, hence, the realization of a system 

is mainly regulated by realization of the multiplier. Therefore, upgrading area and 

speed is a major issue while designing a multiplier.  

A number of techniques have been proposed to drive the speed of multiplication [3-

8].Also various algorithms to reduce number of Partial Products have been proposed. 

Booth encoding is one such technique and is most frequently used. Booth encoding 

increases the multiplication speed and thus makes the arithmetic fast.Radix-4 Booth 

encoded technique is the most efficient among all techniques as it reduces the number 

of partial products by an aspect of two [2].Radix-8 reduces the number of Partial 

Products by an aspect of three as compared to that in Radix-2, but the generation of 

partial products in Radix-8 is a complex process. This is so because with the increase 

in radix, the number of multiples and also the hard multiples increase [9].Thus, Radix-

8 and more higher order radices are not cost effective and are rarely used [10]. The 

first and foremost step in multiplication is the production of partial products. It is very 

important to reduce the partial product array for faster multiplication. Booth‘s 

algorithm is the mostly used technique to perform the same.  

RNS is used to express a large number in terms of a set of smaller integers. Basically 

it is used for fault tolerant computations and faster arithmetic. Three main attributes of 

RNS which make it suitable for these implementations are: First, it is a non-weighted 
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number system, hence any fault in any digit does not affect the other digit. Second, 

there is no significant ordering of digits in RNS. Therefore, any faulty digit can be 

easily removed at the cost of reduction in Dynamic Range. Third, carry propagation 

which is a limiting factor in addition and multiplication operations, is absent in RNS. 

The conversion between conventional number system and RNS is also possible. For 

processing the data in RNS, data needs to be converted to RNS first. The process of 

converting conventional numbers to RNS is known as Forward conversion. Similarly, 

converting back data from RNS to conventional numbers is known as Backward 

conversion. Reverse conversion algorithms are based either on Chinese Remainder 

Theorem (CRT) or Mixed-Radix Conversion (MRC).In every reverse convertor, a 

large modulo adder is required at last stage, which makes the system complex. 

Pipelining has been used for increasing the design efficiency further. Pipeline, as the 

name indicates, is a combination of various processing units connected in series. The 

input to every processing unit is the output from the previous processing unit, just like 

a pipeline. Pipelining, thus, is an excellent leading technique wherein processing of 

next instruction begins before the previous one has actually ended. Therefore parallel 

execution of units occurs making the processing faster. Memory units such as flips 

flops are usually employed in pipelining process. Pipelining offers various advantages 

like-First, reduction in processor cycle time, making the proceeding fast. Second, 

Arithmetic Logic Unit of CPU can be designed faster. Third, overall performance of 

the design is improved. Apart from advantages, pipelining offers few disadvantages 

too- First, execution of simultaneous instructions at a time might increase branch 

delays. Second, a pipelined block generally do not have a stable instruction 

bandwidth. 

1.2 Objective 

The present work focuses on designing a fast multiplier. Booth’s algorithm has been 

used for the reduction of Partial Products (PPs), the first step in multiplication. The 

goal is to analyze the behaviour of Booth encoded multiplier in Radix-2, Radix-4 and 

Radix-8 and to find the best among these three on the basis of area utilization and 

speed. The main aim is to implement Residue number system (RNS) in Booth 

multiplier for the best chosen radix and further observe the behaviour of multiplier. 

The application of pipelining in these designs of the multiplier will also be discussed. 
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1.3 Thesis Orientation 

The work has been divided into six chapters. The first chapter focuses on the 

motivation and main objective of the work. The second chapter discusses the 

literature studied. Third chapter is detailed about RNS multiplication. It involves RNS 

architecture, advantages and disadvantages of RNS, various arithmetic operations 

involved in RNS. Fourth chapter is a discussion about various types of multipliers. 

Main focus is on Booth Multiplication Algorithm for Radix-2, Radix-4 and Radix-8. 

In fifth chapter, simulation and synthesis results are presented. Sixth chapter is a 

conclusion of the work done and also the future scope of the work done is outlined. 
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CHAPTER 2 

LITERATURE REVIEW 

 

Many papers were studied on the recent researches and developments in the direction 

of making the multipliers more efficient. A brief summary is as follows: 

H. L. Garner [1] Investigation and development of properties of a new system, known 

as Residue Number System (RNS)/Residue Code was done. It was shown that RNS is 

of great interest due to its faster arithmetic operations. Multiplication and addition 

could both be done in the same time as taken by addition alone. The major difficulty 

in RNS arithmetic was found in division, scaling and also in determining relative 

magnitude of numbers. Residue code finds a great use in applications which require 

high speed calculations and implementations. A brief discussion to the properties of 

congruences was shown. Also, it was shown that residue code can easily be evolved 

in terms of congruences. 

 

K.Y Khoo et al. [2] proposed that a little simple modification done in Booth 

multiplication algorithm could be used for increasing the chances of zero coded digit. 

The chances of zero in bits of Partial Products (PPs) of a Booth multiplier were 

increased and therefore, average number of transitions in bits of Partial Products was 

reduced by a percentage of 3.75 compared to conventional algorithm of Booth 

multiplier, for any input taken randomly. Moreover, it was also shown that chances of 

transition of carry bits in adder circuits of PPs is related to chances of transition of 

PPs directly and was decreased by a percentage of 3.75 to 7 approximately. 

Simulations on HSPICE showed that encoding proposed was able to lower the power 

dissipation by more than 4% for a Wallace Tree multiplier core and a two’s 

complement 16 ×16 linear array. 

 

R. Conway et al. [3] introduced a novel architecture for the implementation of a 

transposed RNS filter. A  group of most common moduli set of the form {2
n
-1, 2

n
, 

2
n
+1} was used. The number of moduli in the set was not confined to 3,but, it  can be 

any number consisting only of relatively prime moduli of this form that fulfill the 

requirement of Dynamic Range (DR). With use of an effective algorithm for 
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generation of carry save trees, various readings of area utilization and time delays for 

different values of n were retrieved. Using these values a moduli set of RNS was 

chosen, which could reduce the area delay product in a single stage of  transpose FIR. 

It was found that in comparison  to use of  the common 3 modulus set such modulus 

sets offered a significant improvement in speed. With the same dynamic range, the 

cost comparison was done between RNS filter stage and  an equivalent 2’s 

complement filter.RNS stage proposed, using restricted moduli, was observed and 

shown to provide a noteworthy overall area- delay product gain for  a number of 

different values of  dynamic ranges. The gain in percentage ranged from 35% to 60% 

for a 16-tap filter for a  dynamic range between 20–40 b. 

 

R. C. Ismail et al. [4] proposed the methods needed to implement a fast and efficient 

performance complex number parallel multiplier. The designs were framed using 

Booth encoded Radix-4 algorithm and Modified Wallace tree. These techniques thus 

have the ability to constrict the terms of partial products in the ratio 3:2 and reduce 

generation of partial products to 11:2.Due to these advantages these techniques are 

selected. Also, these are used for speeding up the multiplication operation. In addition 

to these carry save-adders (CSA) have been used to boost  the speed of addition 

operation in the system. The designing of system was done using VHDL code. 

Simulation and synthesis was done using ModelSim XE II 5.8c and Xilinx ISE 

6.1.The system was implemented later on Xilinx Virtex-It Pro FPGA board for the 

proof. 

 

D. Adamidis et al. [6] proposed a new design for units capable of performing modulo 

2
n
-1(diminished-1) and 2

n
+1 multiplication (or sum-of squares) depending on the 

value of control. The Residue Number System generally finds its use in multimedia 

applications and Digital signal processing (DSP) applications. In such systems, 

multiplication and sum of squares are the commonly used operations and the moduli 

set commonly used is moduli of the forms of  2
n
-1(diminished-1) and 2

n
+1. These 

operations were performed using consecutive machine cycles or/and explicit design 

units. The area utilization of these operations, for having distinct units, is very large. 

Moreover, a number of machine cycles are required for solutions based on employing 

a multiplier-adder pair for the performance of sum of squares operation. Two 

architectures of units capable of performing either the jX - YjR or the  jX2 + Y2jR 
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operation ( depending on the value of a control signal) were proposed. It was 

observed that R can either have the 2
n
-1 or the 2

n
 + 1 form .Diminished-1 

representation was used in the latter case. 

 

Y. He et al. [7] proposed an energy-efficient RB (Redundant Binary) and high-speed 

multiplier design based on a new covalent RB Booth encoding algorithm. The main 

idea behind it was to polarize two neighbouring Booth-encoded digits into a contrary 

pair to recover the effective reduction rate of RB partial product without the overhead 

in conversion from NB-to-RB. The method so proposed fully utilize the 

characteristics of the negative-positive coding in compliment form of RB number for 

generating an RB partial product (PP) directly from the two consecutive Booth-

encoded digits. Thus, it shared the same benefits as that of RB Booth encoder for the 

avoidance of error compensation vector and easy generation of hard multiples are the 

two problems which were encountered by RB multiplier with a simple normal binary 

Booth encoding. Six multipliers (RB) with different techniques of Booth encoding 

techniques were designed for evaluation process. The synthesis results showed that 

the RB multiplier so designed based on CRBBE-4 is the most energy-efficient and 

fastest one among its contenders for the existing power-of-two computing word 

lengths. 

 

Z. Li et al. [8] verified the design of an 8×8 bit multiplier (signed/unsigned) with 

proper perfect results. Work was done to dispose off negative Partial Product (PP) on 

the basis of Radix-4 Booth algorithm. Without any increase in any new PP, it 

advanced a skilful method neglecting additive arithmetic of “plus 1”. Disposing off 

the negative PP, lead to an increase in chip resources and shortening of key path, 

which improved the performance of multiplier. 

  

R. Muralidharan et al. [9] proposed a Radix-4 booth encoded, diminished-1 multiplier 

with efficient area utilization. This approach was able to minimize number of encoder 

and decoder blocks in booth multiplier, needed for generating Partial 

Products(PPs).The correction factor was split into two sections-first multiplier 

independent static bias and second, multiplier dependent dynamic bias. Dynamic bias 

was generated using hardwiring of outputs of Booth encoding block. Sum of static 

and dynamic bias was reduces to an easy simple binary form (with alternate zeroes 
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and ones).The multiplier proposed was successful in achieving power reduction of 

18.5% and an area saving of 27% for n=40 compared to 2
n
+1 multiplier (non-

encoded).The average power reduction and area saving of 62% and 52% respectively 

for same value of n was observed. This behaviour of proposed multiplier was 

compared to an existing modulo 2
n
+1 Booth multiplier on the basis of gate model. It 

was found that the multiplier proposed was both cost and power efficient with a little 

compromise in speed. 

 

M. Sharma et al. [10] addressed the problem of removal of partial products by 

calculating two’s complement, neglecting an extra block for adding 1 and generation 

of lengthy carry chains. The mechanism for reduction of partial products was 

implemented and the number of partial products reduced from n/2+1 to n/2 compared 

to a modified booth algorithm. Also, using Verilog HDL, possibility of using same 

hardware to behave as a multiplier and as a single two’s complement computer as 

created. In the proposed multiplier, there is no restriction to the number of bits to be 

multiplied. The proposed multiplier was synthesized o Xilinx with maximal frequency 

of operation as 14.5 MHz and delay of 7.013ns. 

 

S. Shrivastava et al. [11] presented the design and implementation of Radix-2 Booth 

Multiplier and its comparison to Radix-4 Booth encoded multiplier. The comparison 

is done with the use of RTL schematic. Various techniques required for area 

improvement and effective enhancement of speed of circuit were discussed. The RTL 

schematics were implemented on FPGA CPLD kit for proper output. Radix-4 Booth 

multiplier showed higher speed and lower area compared to Radix-2 Booth multiplier.  

 

N. Ghazali et al. [12] designed a multiplier that generate product between multiplier 

and multiplicand in shorter time execution by using hybrid modified Booth encoded 

algorithm and carry save adder techniques .The maximum time saving that could be 

achieved was upto 18.29%.Also management to reduce number of logic element in 

field programmable gate array (FPGA) was done. In comparison to basic multiplier 

architecture number of logic elements was reduced to about 12.27%. 

 

D. Chandel et al. [13] designed a multiplier which reduces maximum apex of an array 

of Partial Products (PPs), which further simplified the PP reduction tree in 
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denominations of regularity and delay of the design. This was of great interest for 

multipliers needing small bit length for effective performance. It was also made clear 

that radix-8 multiplier has more advantages compared to radix-2 and radix-4 in terms 

of the requirement of transistors (radix-8 requires less transistors comparatively).Due 

to this less power is consumed.  

 

B. Sreekanth et al. [14] a different modern approach for modulo 2
n
-1 was proposed. 

Identical to binary multiplication, the Partial Products were generated using AND 

gates. For reduction in compression speed of column size (from N to two), Wallace 

tree was used. An algorithm ( for optimization of delay) of the Wallace tree, for 

effective utilization of unequal delay of full adder was evolved. The scheme proposed, 

provided a significant performance in speed and requirement of hardware. Because of 

easy hardware implementation of arithmetic operations in special {2
n
-1, 2

n
, 2

n
+1} 

moduli set, these were preferred compared to generic moduli.Radix-8 multiplier, for 

which the delay is adaptable to delay in RNS multiplication, was proposed. The delay 

of 2
n
-1 multiplier was made scalable, by controlling word length of ripple carry adder 

(employed for generation of hard multiples in Radix-8). 

 

R. Muralidharan et al. [15] Radix-2 and Radix-4 multi modulus multipliers (Booth 

encoded) which are able to perform efficient multiplication for special set of moduli 

i.e. {2
n
-1, 2

n
, 2

n
+1}, with a match among {2

n
-1, 2

n
, 2

n
+1} modulo operations were 

proposed. The architectures of Radix-2 and Radix-4 modulo multipliers comparable 

to {2
n
-1, 2

n
, 2

n
+1} modulus multipliers was proposed. Also, the equality in 

operations(central to modulus multiplication)i.e. reduction in binary weights, negation 

of modulus, addition of two operands and multiplication in power of two for moduli 

set {2
n
-1, 2

n
, 2

n
+1}was introduced. 

 

C. P. R. Mejia  et al.[16] presented the design of Radix-8 booth encoded Montgomery 

Multiplier for 8192-bit.Also, they designed a Montgomery multiplier based on coded-

digit. It was shown that both these multipliers perform two multiplications 

concurrently. Both these multipliers use systolic architecture. 8142-bit multipliers 

have highest throughput and highest area consumption. So there is an area-throughput 

trade-off. These multipliers are useful in RSA Cryptosystems. 
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K.M. Karthik et al. [17] designed a reverse converter for RNS i.e. from RNS back to 

binary. Reverse conversion requires a large circuitry at an end stage which makes this 

conversion a difficult one. Also it has been discussed that RNS finds a great use in 

various DSP applications due to its fast processing (as it deals with small integers). 

Reverse conversion for the moduli set {2
n
-1, 2

n
,2

n
+1} has been discussed. The use of 

parallel prefix ling adder was made for implementation of the modular adder, required 

at the last stage of reverse converter. 

 

H. Jiang et al. [18] proposed different 16× 16 signed multipliers for Radix-8. Initially, 

for the calculation of triple of numbers (binary), a proposal of 2-bit adder consisting 

of XOR gate with three inputs was proposed. Also, they presented various circuits 

like that of error detection, compensation circuit and recovery circuit for 2-bit adder. 

A truncation technique for was employed for saving power and increasing speed for 

the proposed Radix-8 multipliers known as ABM1 and ABM2. For accelerating the 

speed of Partial Product addition, Wallace Tree parallel processing was employed. 

 

V.G. Oklobdzija et al. [19] presented a method /algorithm for generating a parallel 

multiplier (optimized for speed). The method proposed was applicable for any size of 

the multiplier and was adaptable to any technology, parameters of speed for which are 

known. It was very easy to use this method in the compilation of silicon and in tools 

used for logic synthesis. It was found that the proposed method was very efficient as 

compared to other schemes used for comparison. This paper presents a method and an 

algorithm for generation of a parallel multiplier, which is optimized for speed. The 

number of cells used in the reduction of partial products by this method is also 

minimal. 

 

S.M. Yen et al. [20] designed two new protocols based on Chinese Remainder 

Theorem (CRT) for preventing  RSA signature/ decryption computation from a 

hardware defect cryptanalysis with the help of Residue Number System. Few 

remedies such as error detection and simple verification have been used in literature 

but only a very few are efficient and useful. The protocols were designed after proper 

testing about security.  Advance concepts of error infected CRT estimation and error 

non infected CRT recombination were proposed. 
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F. Barsi et al. [21] defined a new approach to various properties (error correcting) of 

the Redundant Residue Number System (RRNS). Determination of a necessary and 

sufficient factor for correcting the error of a single digit in RRNS is done. Also, it was 

shown that correction of a single error infected digit in RNS may be allowed with 

small repetition and single redundant modulus. 
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CHAPTER 3 

RNS MULTIPLICATION 

 

A number system in which a large number can be expressed in terms of a set of 

smaller integers is known as Residue Number System (RNS). Basically it is used for 

fault tolerant computations and faster arithmetic. Three main attributes of RNS which 

make it suitable for these implementations are: First, it is a non-weighted number 

system, hence, any fault in any digit does not affect the other digit. Second, there is no 

significant ordering of digits in RNS. Therefore, any faulty digit can be easily 

removed, but at the cost of reduction in Dynamic Range. Third, carry propagation 

which is a limiting factor in addition and multiplication operations, as it increases the 

delay in arithmetic and adds complexity to the circuit , is absent in RNS. 

3.1 Basic architecture of an RNS based processor 

 

Figure 1.1: Basic architecture of an RNS based processor 

Framing an RNS circuit requires conversion from analog to residue and vice versa. In 

the process of conversion lies the intermediate stage, which is the conversion to 

binary numbers. Conversion to intermediate stage makes the system complex and 
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increases its latency. So to frame an RNS processor, we need to frame conversion 

circuitry that can efficiently perform analog to digital (ADC) conversion and digital to 

analog (DAC) conversion. To efficiently us the properties of RNS and make them 

suitable for processing in RNS domain, a smooth conversion between conventional 

number system and RNS is required.  

3.2 Representation of RNS 

Linear congruences are used to represent residue numbers. It is written as 

A≡ q mod r 

and is read as A is congruent to q modulo r. 

Example: decimal number 11 in RNS can be written as 

11≡8mod3 

11≡5mod3 

11≡2mod3 

Here 8, 5 and 2 are residues of number 11 with respect to moduli 3. 

The RNS uses positional bases, called moduli that are relatively co-prime to each other, 

e.g. 2, 3, 5.  To convert a conventional weighted number (A) to residue system, we 

simply take the residue of A with respect to each of positional moduli. Example of RNS 

number shown below: 

To convert the decimal number 47 to {5, 3, 2} RNS 

                                         R5=47mod5=2 

                                         R3=47mod3=2 

                                         R2=47mod2=1 

The decimal number 47 is represented by [2, 2, 1] in above mentioned RNS. 
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 Table 3.1. Some natural numbers and their corresponding residue numbers [1] 

Natural 

Numbers 

2537 Natural 

Numbers 

2537 Natural 

Numbers 

2537 

0 0000 7 1120 14 1240 

1 1111 8 0231 15 1001 

2 0222 9 1042 16 0112 

3 1033 10 0103 17 1223 

4 0144 11 1214 18 0034 

5 1205 12 0025 19 1145 

6 0016 13 1136 20 0206 

 

  The main advantage of RNS is the absence of carries between moduli in addition 

and multiplication. Arithmetic is closed (done completely) within each residue position, 

i.e. carry propagation is limited to residue position. Therefore it is possible to perform 

addition and multiplication on long numbers at the same speed as on short numbers, 

since the speed is determined by largest modulus position. But, in conventional linear 

weighted number system, an operation on long words is slower due to the carry 

propagation. The RNS is defined in terms of a set of relatively prime moduli. 

If M denotes the moduli set, then 

                              (1) 

                   (2) 

The dynamic range DR is 

 (3) 

 

   (4) 

    (5) 

 

 

(6) 

Whererepresent some mathematical operation like addition, subtraction and 

multiplication 

                  (7) 

  

  jiformm ji    ,1,GCD

 nmmm ,,, 21 M

nmmmDR 21

 n

RNS aaaA ,,, 21 

 n

RNS bbbB ,,, 21 

baC 

 n

RNS cccC ,,, 21 
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For processing the data in RNS, data needs to be converted to RNS first. The 

conversion between conventional number system and RNS is also possible.  

3.3 Types of RNS 

Residue number system can be divided into two categories based upon conversion. 

Any conventional number system can be converted to RNS and vice-versa. The two 

types of RNS are discussed below: 

3.3.1 Forward RNS 

The process of converting conventional numbers to RNS is known as Forward 

conversion. A special moduli set i.e. {2
n
-1, 2

n
, 2

n 
+1} is used often for forward 

conversion, as it makes the process simple and faster. However, for applications 

requiring high dynamic range, this moduli set does not provide efficient results. Also, 

for high dynamic range, the moduli set needs to be large, which leads to low 

performance of arithmetic units in every modulo channel. 

3.3.2 Backward RNS 

Similarly, converting back data from RNS to conventional numbers is known as 

Backward conversion. Reverse conversion algorithms are based either on Chinese 

Remainder Theorem (CRT) or Mixed-Radix Conversion (MRC).In every reverse 

convertor, a large modulo adder is required at last stage, which makes the system 

complex. Reverse conversion is one of the most problematic operation in RNS which 

limits its use to a great extent. Reverse conversion process requires a large modulo 

adder at end stage which makes the circuitry complex. 

The Chinese Remainder theorem is discussed below. 

Chinese Remainder Theorem (CRT) 

For a moduli set (m1,m2,.......mn)  which contains relatively prime numbers, then any 

number such that  A <S , the residue set written as {A mod mi|1<i<n} is solitary.  

Here 

                                              



n

i

imS
1                                                                   (8)                 

                                    

 

                                                xi=|A|mi                                                                           (9) 
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The integer A, therefore, is represented as  

                                     
j

n

j

jayA 



1 S                                                     (10) 

Where  yj is a multiple of all the mi ( i ≠ j), and  |ajyj|mj =|A|mj , for all j [18]. 

 

3.4 Basic calculus in RNS 

In this section, discussion about basic algebra existing in RNS is discussed. These 

properties need to be discussed for better understanding of RNS algebra. Some 

operations like addition, subtraction, multiplication, additive inverse, multiplicative 

inverse and some difficult operations like division and scaling are discussed here. 

3.4.1 Addition/Subtraction 

Adding/Subtracting numbers in RNS is basically adding the residues of these numbers 

with respect to a particular moduli. Suppose two numbers A and B are to be added in 

RNS. Consider the moduli set U= {m1, m2,....., mn} 

The numbers A and B in RNS representation will be written as  

A= {a1, a2,....., an} and B={b1,b2,....., bn} 

The addition/subtraction can now be expressed as: 

C = A±B  ={ c1,c2,....., cn }                                      (11) 

Where ci = (ai ± bi) mod mi  

Addition/Subtraction is distributive in modulo operation 

 |X ±Y|m=||X|m±|Y|m|m (12) 

3.4.2 Multiplication 

Similar to addition/subtraction, multiplication in RNS can be easily carried out. 

Multiplication in RNS is the multiplication of residues of two residues with respect to 

a particular moduli. Suppose two numbers A and B are to be added in RNS. Consider 

the moduli set U= {m1, m2,....., mn} 

The numbers A and B in RNS representation will be written as  

A= {a1,a2,.....,an} and B={b1,b2,....., bn} 
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The multiplication thus is expressed as: 

    C = A×B = { c1,c2,....., cn }                                      (13) 

Where ci=( ai × bi)mod mi  

Addition/Subtraction is distributive in modulo operation 

                                                      |X ×Y|m=||X|m×|Y|m|                                              (14) 

3.4.3 Additive Inverse 

In RNS, the additive inverse is 𝑎̅ of a residue a, is expressed as shown below: 

                                                    a+𝑎̅=0  (15) 

Additive inverse is used mainly in subtraction, but, can also be used for distinct 

residues or for the whole system. The additive inverse also exist generally for a 

number. Also, this inverse is unique for any residue. It is similar to 2’s compliment in 

binary number system representation. Simply, it can be realized through an elementary 

operation given as: 

𝒂̅=|m-a|m                                                       (16) 

3.4.4 Multiplicative Inverse 

The multiplicative inverse is analogous to the reciprocal in conventional arithmetic. It 

is defined as follows. For a non zero integer a, if 

        |a×a
-1

|m=1                                                     (17) 

then a
-1

 is the multiplicative inverse of  a,  with respect to the modulus m. 

Here a and m have no common factor. Multiplicative inverse of a number cannot be 

determined by any general expression. For prime m, a theorem named as Fermat's 

Theorem may be used sometimes to determine the multiplicative inverse. This theorem 

states that for a prime modulus m and for a non-negative integer ‘b’  

         |b
m
|m= |b|m                                                                             (18) 

Here b is not a multiple of m. 

3.4.5 Division 

Division operation is one of the most difficult arithmetic operation as compare to 

others. It becomes even more difficult to specifically define the meaning of division in 
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RNS. But, defining RNS can somehow become possible according to the proceedings 

noticed above for addition/ subtraction and multiplication operation i.e., defining 

operation for the residues and extending it further to the triple of residues. But, two 

complications can arise immediately if we try to do so. These are as follows: first, 

division in residue and normal division are in consonance when after the division 

process, the quotient is an integer and secondly, the evidence that there is no 

multiplicative inverse for zero. 

Division in conventional notation can be expressed by the equation given below 

                                 

c
b

a


                                                   (19)                       

 

which signify that 

                                          a=b×c                                                            (20) 

                

In residue number systems (RNS), the elementary relationship is not plain equality but 

congruence. Hence, for this system (RNS), this last equation does not hold 

significantly. Suppose the RNS equivalent of the following equation in RNS, for 

residues a and b, the congruence 

                                               b × c≡ a (mod m)                                               (21)                  

               

Multiplying both sides by the multiplicative inverse of b
-1

, we get 

 

                                                 c≡a×b
-1

 (mod m)                                               (22)   

         

                 

In RNS, divergent to the analogous situation in conventional form of arithmetic, 

multiplication by a multiplicative inverse is not identical to division at all times. 

3.4.6 Scaling 

From the above discussion it is clear that division operation is difficult to implement 

in residue number system. But, division can be an easier process if the divisor belongs 

to the moduli set or is the result obtained after multiplication of several moduli. It 

should not be a multiple of a power of a modulus. This operation is called as a scaling 

operation. Scaling is identical to division operation by a power of two in conventional 

binary system, where the division operation is executed by making shifts in the 

dividend towards the right. In residue number system scaling is not very much simple 

but it is comparatively easier to perform compared to division in RNS. Scaling is 

frequently used to prevent overflow by reducing the dynamic range of RNS variables. 
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Scaling of a number A by a positive integer B, in RNS, w.r.t. moduli mi is expressed as: 

 

                                               
mimi B

aA

B

A 










                                                   (23) 

                                

3.5 Advantages of RNS 

The benefits of RNS are as discussed below: 

Diminished power: If mini arithmetic sections are used to design and implement RNS 

processors, then switching activities can be reduced in every channel. By reduction in 

the switching activities, the power consumption also gets reduced. The dynamic range 

on the other hand gets reduced because it is proportional to the switching activities 

directly. 

Diminished Complexity: As already discussed, a large number is broken down to 

small residues in RNS, the processor arithmetic units also gets reduces, thereby 

reducing the complexity of the system. This leads to simplification of overall design 

of the system. 

Elevated Speed: In conventional number system carry if generated is propagated from 

LSB to MSB creating a delay in processing. Whereas in RNS as already discussed, a 

large number is broken down into smaller integers (residues), leading to absence of 

carry. Thus, the RNS processor becomes faster due to absence of carry propagation. 

Disclosing errors and correcting them: RNS is a non weighted system. Any fault in 

any digit does not affect the other digit. In case there is a fault in some digit, that digit 

can easily be removed without altering others. 

3.6 Disadvantages of RNS  

The various benefits of RNS have been discussed and it was found that RNS offers 

great advantages, especially in terms of fast speed and reduced power .These cons 

make RNS suitable for implementation in various applications. Besides these 

advantages, RNS possess few drawbacks which limit its use in various applications. 

The reasons are 
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Firstly, not all the arithmetic operations in RNS are easy. Division, square root, 

Scaling, detection of sign and comparison are the most difficult operations to be 

implemented in RNS in comparison to the simple conventional (analog or digital) 

number system. Therefore, to design an Arithmetic Logic Unit (ALU) based on RNS 

performing all operations of arithmetics is a very difficult job. 

Secondly, conversion from conventional number system to RNS or vice versa can be 

a very complex circuitry, which can lead to increased delay in processing i.e. lowering 

of speed. Thus, while designing an efficient RNS processor, it is very important to 

have to proper and efficient conversion circuitry. 

3.7 Applications of RNS 

The various advantages of RNS as discussed earlier, makes it suitable for different 

applications.RNS is very useful in applications demanding high speed and low power 

consumption. The various applications involve Digital Signal Processing 

(DSP)[19],processing of images[20],Right Shift Accumulate (RSA) 

algorithms[21],receivers used in communication[22],and is fault tolerant 

applications[23,24].Further in DSP,RNS is used for designing digital filters( Finite 

Impulse Response(FIR) or Infinite Impulse Response(IIR)).Digital filters are used in 

interpolation, decimation, reduction in noise, and for band splitting. 

Another application in DSP of RNS is Discrete Fourier Transform (DFT) which has 

various applications in the field of engineering. Carry free characteristic of RNS 

makes it useful for fault tolerant applications. In brief RNS is useful in various 

applications because of its various advantages. 
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CHAPTER 4 

BOOTH MULTIPLIER 

 

4.1 Multipliers 

Multiplier, a factor of proportionality, measures how much a variable gets altered in 

response to an alteration in some another variable. Example, suppose there is a change 

of 1 unit in variable x, which changes another variable y to by N units. Then here the 

multiplier is N. Multipliers are an alternative for repetitive addition and are therefore 

of great use. Multipliers are the basic building blocks of the microprocessor. 

Multipliers have various uses in various fields of microprocessor design. Multipliers 

are non-memory sub-blocks of microprocessors .They have the largest size and time 

delay that creates a great impact on the cycle time. Multipliers are frequently used and 

provide a great significance in Digital Signal Processing (DSP) applications for  

running high speed calculations. Multiplication (denoted by this cross symbol "×") is 

an operation of mathematics for scaling one number by the second. In standard 

method, if two n-bit numbers are to be multiplied then it requires n
2 

multiplications. 

Multipliers are becoming necessary in modern electronic systems, that run complex 

high speed calculations and have become a basic building block especially fields of 

DSP applications and multiprocessors. With advancement in science and technology, 

many researchers have already tried and some are trying multiplier designs which can 

offer either of the following design objectives namely- fast speed, less consumption in 

power, less area requirement, a layout regularity or even combination of  these in a  

single multiplier making them relevant for fast and compact VLSI implementations. 

“Add and Shift” in multiplication is a common multiplication method. In parallel 

multipliers, an important factor that depict the fulfillment and realization of the 

performance of a multiplier, is the number of partial products that are added. 

Multiplication involves two basic steps: 1) generating partial products, 2) adding these 

partial products. For reducing the number of partial products, Modified Booth 

algorithm is the most prominent algorithm. For reducing number of sequential 

addition stages and to achieve speed enhancement and improvement Wallace Tree 

algorithm can be used .Further, if we combine both these algorithms in one multiplier, 

advantage of both can be seen in a single multiplier. However, increasing in 

parallelism, amount of shifting  that occur between partial products and intermediate 

http://en.wikipedia.org/wiki/%C3%97
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sums for addition will rise which might result in reduction of speed, growth in silicon 

area due to uncertainty of structure and also escalated power consumption because of 

increment  in interconnections resulting from complex routing. On the other hand 

“serial-parallel” multipliers have to compromise on speed for achieving improved 

performance in terms of area and power consumption requirements. The selection 

among a serial or parallel multiplier will depend on our requirement of application. 

An example of simple multiplication is given below: 

 

Figure 4.1: Example representing simple binary multiplication 

4.2 Modulo Multiplier 

In single modulo multipliers there was a need of a separate processor for performing a 

particular modulo operation. This resulted in more complex circuitry. Also the 

requirement for area increased. Moreover larger the number of processors, larger was 

the power dissipation encountered. So a flipside to this is multi modulus multiplier 

which overcomes all these problems. In multi modulus multiplier a single processor is 

used to perform the modular operation of the multi moduli set .This is an efficient 

method as it reduces area requirement, power consumption and speed up the operation. 

The literature studied mainly focuses on the moduli set {2
n
-1, 2

n
, 2

n
+1}. Base 2 is 

chosen as it makes the calculations simple and easier. The moduli sets with 2
n 

are 

special moduli sets. {2
n
-1, 2

n
, 2

n
+1} is one of them.

 
 These special moduli are usually 

referred to as low cost moduli as forward conversion and reverse conversion process 

from their residue can be accomplished very easily and it does not need any complex 

operations like  multiplicative inverse or multiplication.  

4.3 Classification of Multipliers 

 Serial Multipliers 

 Parallel Multipliers 

 Serial Parallel Multiplier 
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Figure 4.2: Block diagram of Multiplier Types 

4.3.1 Serial Multiplier 

Serial multipliers are used when we need to take special care about area and power 

consumption. The circuit of serial multiplier uses one adder for adding the m * n 

partial products. The circuit for m=n=4 is shown in the figure given below. Input  

multiplicand and multiplier have to be arranged in a proper special  manner which can 

be synchronized with circuit behaviour as depicted on the figure. The inputs could also  

be conferred at altered rates depending on what  the length of the multiplicand and  

multiplier is. Here two clocks are used, one for the clocking of data and another one 

for reset. For delay, the first order approximation of the delay is given as O (m,n). 

With this arrangement of circuit, the delay is given as D = [ (m+1)n + 1 ] tf. 

 

 

Figure 4.3: Block diagram of Serial Multiplier 

As shown in the diagram, the every individual partial product is formed individually. 

The addition of partial products is done as intermediate values of PPs. PPs addition is 
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stored in the DFF, exchanged in circles and then added together with the new PPs 

formed. This approach is suitable only for small values of M or N. 

4.3.2 Parallel Multiplier 

These multipliers have a good driving characteristics. It consists of a numbers of full 

adders. Every full adder in the multiplier, performs same number of computations. The 

ripple carry propagates the input signal, by a constant and for same number of times. A 

very common example example of parallel multiplier is Baugh-Wooley multiplier. 

4.3.2 Serial/Parallel Multiplier  

The commonly used/general for the serial/parallel multiplier is represented in the 

figure given below. One number is made input to the circuit in parallel while another 

number is inputted serial. In every cycle N partial products are formed. On subsequent 

cycles, each cycle performs addition of one column in multiplication table of M*N 

partial products. After M+N cycles, the results are stored finally in output register. For 

M=N, the area requirement is N-1.  

 

Figure 4.4: A general serial/parallel multiplier 

4.4 Multiplication Algorithm  

The following steps are involved in a simple multiplication algorithm: 

 If the Least Significant Bit (LSB) of Multiplier is ‘1’, then multiplicand is added into 

an accumulator.  

 Now, Shift multiplier to the right by one bit and multiplicand to the left by one bit.   

 When the multiplier bits become zero, stop the process. It is now clear that the 

multiplication of numbers is changed to addition of numbers. A serial adder having 
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less hardware is used if the Partial Products add serially.  Only one combinational 

circuit, using a parallel multiplier, can be used to add all partial products. However it is 

also possible to use some compression techniques to  reduce number of partial 

products before performing addition. 

4.4.1 Booth’s Multiplication Algorithm 

Booth's algorithm performs the examination of adjacent pairs of bits of the N-bit 

multiplier Y  in signed two‘s compliment notation , and it includes an implicit bit below 

the least significant bit(LSB), y-1 = 0. For each yi bit, whereas i running from 0 to N-1, 

the bits yi- and yi  are considered. Where these two bits become equal, the product 

accumulator i.e. P is left unchanged. Where yi-1 = 1 and yi = 0, the multiplicand times 

2
i
 is then added to P; and where  yi-1 = 0 and yi = 1, the multiplicand times 2

i
 is then 

subtracted from P. The final value of P is thus a signed product. The multiplicand and 

the product are not specified; typically, these both are also in two's complement 

representation, just like the multiplier, but any number system that supports subtraction 

and addition will work as well. As stated here, the determination of the order of the 

steps is not done. Typically, it is proceeded from LSB to MSB, starting from  i= 0; the 

multiplication by 2
i 

 is then consistently replaced by the incremental shift of 

the product  accumulator P, to the right between steps; low bits can thus be shifted out, 

and hence subsequent subtractions and additions can then be done  on the 

highest  N  bits of P. There are many deviations and developments on these details. The 

Booth’s algorithm is often described as conversion of strings of 1's in the multiplier to a 

high-order +1 and a low order -1 at the end of the string. When the string runs through 

the MSB, there is no high-order +1, and the net effect is that it leads to the 

interpretation as a negative of the appropriate value [10].       

 

Figure 4.5: Architecture of Booth Multiplier [11] 
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A simple example of Booth multiplier is illustrated in table 4.1. 

Table 4.1: Example representing Booth Algorithm 

A 

0000 
Q 

0101 
Q-1 

0 
M 

0111 
 

Initial value 
 

1001 

1100 

0101 

1010 

0 

1 

0111 

0111 

A       A-M 

Shift 

First cycle 

0011 

0001 

1010 

1101 

1 

0 

0111 

0111 

A       A+M 

Shift 

Second cycle 

1010 

1101 

1101 

0110 

0 

1 

0111 

0111 

A       A-M 

Shift 

Third cycle 

0100 

0010 

0110 

0011 

1 

0 

0111 

0111 

A       A+M 

Shift 

Fourth cycle 

 

4.5 Types of Booth Multiplier 

We will discuss the following types: 

 Radix-2 : pairing of two consecutive bits of the multiplier 

 Radix-4 : pairing of three consecutive bits of the multiplier 

 Radix-8 : pairing of four consecutive bits of the multiplier  

4.5.1 Radix-2 

 A number with the least difference between its consecutive bits is chosen out of 

the two numbers and is treated as a multiplier. For example if we have two 

numbers i.e., 1100 — From 1 to 1 no change, 1 to 0 one change, 0 to 0 again no 

change, and hence there is only one change on this number, similarly in 1010 — 

From 1 to 0 one change, 0 to 1 one change, 1 to 0 another change, so there are 

three changes on this number. Therefore, in multiplication of 12 × 10(for 

example), where 12  (1100) is the multiplier  and 14(1010) is the multiplicand. 

  Let X = 1100 (multiplier) Let Y = 1010 (multiplicand) .Take the 2’s 

complement of Y and call it  –Y = 0110. 

 Load the value of X in the table. 

  Load 0 for X-1 initially. Later its value should be the previous first least 

significant bit of X. 
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 Load zeroes in U and V columns which would contain the product of X and Y 

at the termination of operation.  

  Make four rows for each cycle are we are multiplying numbers having four 

bits. 

Table 4.2: Encoding of Radix-2 Booth Multiplier 

X X-1 ACTION 

0 0 No action 

0 1 Addition 

1 0 Subtraction 

1 1 No action 

 

4.5.2 Radix-4 

Radix-4 Booth Multiplier is similar to Radix-2 multiplier except that here three 

consecutive bits are paired unlike radix 2 where two consecutive bits of the multiplier 

were paired. 

The following are the steps for its multiplication: 

The Booth Algorithm for radix-4 is given below: 

 Consider two inputs of eight bits each i.e. 32(00110001)as A and                              

64(01000000)as B. 

 Affix a 0 to the LSB of B. 

 Start pairing the bits in groups of three on B. 

 

   Now, mark every group as a partial product. 

 



27 
 

 If the PPs do not complete their group of three, then add more bits i.e. if MSB is 

1, add ones, if MSB is 0, add zeroes respectively to the left of MSB. Now denote 

this as a multiplier M. 

 

 Affix two zeroes/ones to MSB of A depending on which bit is present at MSB of 

A and denote it as multiplicand N. 

 

 Now, represent PP of M according to the rule of radix-4 encoding given in table 

below: 

Table 4.3: Encoding of Radix-4 Booth Multiplier 

BLOCK PARTIAL PRODUCT 

000,111 0 

001,010 1a 

011 2a 

100 -2a 

101,110 -1a 

 

 4.5.3 Radix8 

  Unlike Radix-4 the Radix-8 strings 4 bits of the multiplicand ‘a’ at a time.  

  The Booth Algorithm for radix-8 is given below: 

   Consider two inputs of ten bits each i.e. 135(0010000111) as A and      

320(0101000000) as B. 

 Affix a 0 to the LSB of B. 

     Star pairing the bits in groups of four on B. 
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 Now, mark every group as a partial product. 

 

 If the PPs do not complete their group of four, then add more bits i.e. if MSB 

is 1, add ones, if MSB is 0, add zeroes respectively to the left of MSB. Now 

denote this as a multiplier M. 

 

 Affix two zeroes/ones to MSB of A depending on which bit is present at MSB 

of A and denote it as multiplicand N. 

 

 Now, represent PP of M according to the rule of radix-8 encoding given in 

table below: 

Table 4.4: Encoding of Radix-8 Booth Multiplier 

BLOCK PARTIAL PRODUCT 

0000,1111 0a 

0001,0010 +1a 

0011,0100 +2a 

0101,0110 +3a 

0111 +4a 

1000 -4a 

1001,1010 -3a 

1011,1100 -2a 

1101,1110 -1a 

Here 

 2a is obtained by shifting a to the left one time. 

 4a is obtained by shifting a to the left two times. 

 -a is obtained by taking 2’s complement of a. 
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 -2a is obtained by shifting –a to the left once. 

 -4a is obtained by shifting -1 to the left twice. 

 3a is obtained by adding 2a and a. 

 Similarly, to generate -3a we add -2a and –a. 
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CHAPTER 5 

IMPLEMENTATION AND RESULTS 

 

A simple Booth multiplier for Radix-2, Radix-4 and Radix-8 for the bits 8, 16 and 32 

were designed using Verilog HDL, simulated and synthesized on Xilinx 14.5, 

targeting Spartan 3E FPGA device. Area and Delay observations were made. From 

the results it was observed that Radix-4 gives the best results for applications 

requiring fast speed and low area consumption. Later an RNS based Booth encoded 

multiplier was designed for Radix-4. RNS deals with small set of integers, so RNS 

was applied to radix-4 Booth encoded multiplier and results were observed. It was 

noted that this multiplier showed further improvement in area and speed. 

Incorporation of pipelining in these designs accelerated the speed further. The area 

consumption was also reduced.  

5.1 Results of Booth Multiplier 

The simulation results of Radix-2, Radix-4 and Radix-8 multiplier for 8, 16 and 32 

bits are shown in figures 5.1, 5.2 and 5.3 respectively. 

8 bit multiplier 

 

Figure 5.1: Simulation result of  8-bit multiplier 

The simulation result of two eight bit numbers when multiplied is shown in figure 5.1. 

Here x_1 and y_1 are the eight bit multiplicand and multiplier respectively. 

Multiplication of these two numbers generates a 16 bit output designated as z here. 

The results are shown in decimal form here. The output results of multiplication are 

same for each radix i.e. radix-2, radix-4 and radix-8 for the same number of bits. Only 

the area consumption and speed is variable. 
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16 bit multiplier 

 

Figure 5.2: Simulation result of 16-bit multiplier 

The simulation result of two sixteen bit numbers is shown in figure 5.2. Here x_1 and 

y_1 are two sixteen bit inputs to a multiplier. On multiplication, a thirty two bit output 

z is produced. Here the results are depicted in binary form. 

32 bit multiplier 

 

Figure 5.3: Simulation result of 32-bit multiplier 

 

The simulation result of two thirty two bit numbers is shown in figure 5.3. Here x_1 

and y_1 are two thirty two bit inputs to a multiplier. On multiplication, a sixty four bit 

output z is produced. The results shown here are in binary form. 
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Table 5.1: Area and Delay report of Radix-2, Radix-4 and Radix-8 Booth encoded multiplier 

 

The comparison of the area consumed  in different radices for the same number of bits 

is done in the table 5.1. Also the comparative study of time taken for multiplication 

i.e. final time delay is done for same bits in different radices. We found out that as the 

number of bits increase in same radix, the area consumption and delay increases. But 

for the same number of bits, Radix-2 consumes maximum area and takes maximum 

time to generate an output. The area utilization and delay for Radix-8 are less than 

that of Radix-2 but more than that of Radix-8. Therefore Radix-4 provides the best 

use in areas requiring fast speed and low area. 

The device utilization and timing report for the three radices i.e.Radix-2, 4, 8 for the 

same number of bits as shown in table 5.1 is presented graphically in Figure.5.4 and 

Figure.5.5 respectively. 
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Figure 5.4: Comparison between Radix-2, Radix-4 and Radix-8 on the basis of Area Utilization. 

From the figure 5.8, it can easily be concluded that Radix-2 has the maximum area 

utilization compared to Radix- 4 and Radix-8. Radix-4 has the minimum consumption 

of area and the area used by Radix-8 is less than that consumed by Radix-2 but more 

than that of Radix-4. This trend in results may be due to the increased complexity in 

the design of radix-8 multiplier. 

 

Figure 5.5: Comparison between Radix-2, Radix-4 and Radix-8 on the basis of Delay (ns). 
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Figure 5.9 shows that among radix-2, radix-4 and radix-8 multipliers, radix -8 has 

minimum delay in 8 bit multiplier. But for 16 and 32 bits , radix-4 is the fastest 

among the three. 

5.2 Results of Booth encoded RNS multiplier 

The simulation results of a Booth encoded RNS multiplier is shown in the figure 5.6. 

Here ‘a’ and ‘b’ are the inputs, whereas out3, out5, out7, out11 are the outputs 

obtained after residue multiplication w.r.t. to the moduli’s 3, 5, 7 and 11 respectively.  

 

Figure 5.6: Simulation result of an RNS based Booth encoded multiplier 

When pipelining was incorporated in Booth multiplier, it was observed that there was 

a significant increase in speed of the multiplier. The table 5.2 below shows the area 

and delay report of a simple Booth Multiplier when pipelining is applied to it. It has 

been observed that pipelining improves overall performance of system, both in terms 

of speed and area utilization as compared to a simple Booth Multiplier. 

Table 5.2: Area and Delay report of a pipelined Booth Multiplier 

BITS AREA DELAY(ns) 

 USED/ 

AVAILABLE 

UTILIZATION(%)  

8 82/4656 1 16.474 

16 150/4656 3 20.621 

32 350/4656 7 28.693 

 

When Radix-4 Booth multiplier is implemented for RNS, the results were improved, 

as the RNS deals with small set of integers. Further when pipelining was incorporated 

in the architecture, the speed and area of the design enhanced further, as shown in the 

table 5. 
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Table 5.3: Area and Delay report of a pipelined Booth encoded RNS Multiplier 

BITS AREA DELAY(ns) 

 USED/ 

AVAILABLE 

UTILIZATION(%)  

8 70/4656 1 8.526 

16 112/4656 2 11.056 

32 249/4656 5 21.693 

 

A simple comparison of above results i.e. for simple Booth Multiplier and an RNS 

based multiplier in which pipelining has been incorporated is tabulated below in table 

5.4. 

Table 5.4: Comparison between area and delay report of a pipelined simple Radix-4 Booth 

multiplier with RNS based Booth multiplier 

BITS AREA UTILIZATION(%) DELAY(ns) 

 BOOTH RNS BOOTH RNS 

8 1 1 16.474 8.526 

16 3 2 20.621 11.056 

32 7 5 28.602 21.693 

 

The results observed in table 5.2, 5.3 and 5.4 are presented in the graphs shown below 

in Figure 5.7 and Figure 5.8. 

 

Figure 5.7:  Area comparison in pipelined and non-pipelined simple Booth multiplier and RNS 

based Booth multiplier. 
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Figure 5.8: Delay comparison in pipelined and non-pipelined simple Booth multiplier and RNS 

based Booth multiplier 

 

The graph shown in figure 5.8 clearly shows that a pipelined Radix-4 Booth encoded 

RNS multiplier utilizes the minimum area and is the fastest among simple Radix-4 

Booth multiplier and a pipelined Radix-4 Booth multiplier. 
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CHAPTER 6 

CONCLUSION AND FUTURE SCOPE 

 

Conclusion 

Implementation and design of three radix-based multipliers(Booth encoded) was done 

using Verilog HDL (VHDL), synthesized and simulated on Xilinx 14.5, targeted on 

Spartan 3E FPGA device.The results so obtained clearly depicted that Radix-4 Booth 

encoded multiplier provides a significant area and speed advantage among the designs 

of  the three radices named above. Also Radix-2 occupies the largest area compared to 

other two. Radix-4 is the best for applications requiring high speed and low area 

requirements.  

On the basis of above results, Radix-4 was selected and an RNS based booth encoded 

multiplier (Radix-4) was designed and compared to a simple Booth multiplier for the 

same number of bits (here 8,16 and 32 bits). Since RNS deals with a small set of 

numbers, calculations and implementation of these numbers is easier to realize. So we 

chose RNS for our research work. Area and delay readings were observed for 

different values of n. A comparison showed significant improvement in terms of 

speed and area utilization in RNS based Booth multiplier in relation to a simple Booth 

multiplier of same radix. Pipelining has been incorporated to make the system 

performance even better. 

Future Scope 

Booth’s algorithm has been illustrated as the best algorithm for the generation of 

Partial Product, but some new technique can be used to do the same and enhance the 

results further. Very little work is done for the reverse conversion of RNS, since 

reverse conversion is a difficult process as the extra adder circuit at the last stage of 

converter increases the complexity. So efforts can be made to design the same. Also, 

the main target of the thesis was on the Partial Product generation, emphasis can be 

laid to identify the techniques on accumulation of Partial Product (PP). 
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