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Abstract— This paper presents architecture of multiplier and 

accumulator (MAC) that is based on modified booth 

algorithm. The performance of multiplier was improved by 

combining multiplication with accumulation and using a 

carry save adder (CSA) tree. The accumulator has the 

largest delay in the MAC architecture was combined into the 

CSA then the overall performance was determined. The 

MAC architecture combines the middle results in the form 

of sum and carries bits replace of the final adder output, 

which improves the performance of the multiplier. The 

multiplier and accumulator architecture radix-2 modified 

booth algorithm based on spurious power suppression 

technique (SPST). The booth algorithm decreases the 

number of partial products rows to half, resulting increase in 

the speed and performance of the system. Compared to other 

multiplier, the booth multiplier has the highest operational 

speed and less hardware count. The SPST technique can 

decrease the switching power dissipation, which is the 

significant part of the whole power dissipation in integrated 

circuits. The proposed MAC can be used in various fields 

for high performance such as digital signal processing 

applications. 
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I. INTRODUCTION 

Enhancing the processing performance and overall 

decreasing the power dissipation of the digital system are 

the most important design challenges for multimedia [1], 

communication system and digital signal processing (DSP) 

applications [2]. Power dissipation is an important 

parameter in modern VLSI design. To justify Moore’s rule 

and to produce customer related electronics goods with 

additional backup and low power VLSI design systems are 

required. A digital multiplier is the fundamental components 

in general purpose microprocessors and digital signal 

processing. The real-time signal processing like large-

capacity data processing [1] and audio signal processing i.e. 

video processing or image processing are day by day 

increasing being demanded with the speedy advances in 

communication systems and multimedia. The multiplier unit 

and multiplier-and-accumulator (MAC) [3] architecture are 

the crucial parts of the digital signal processing such as fast 

fourier transforms (FFT), convolution, finite impulse 

response (FIR) and discrete cosine transforms (DCT)[4]. 

Discrete cosine transform and discrete wavelet transform 

(DWT) [5] are the nonlinear function which is used in the 

digital signal processing. The rapidity of the multiplication 

arithmetic and addition arithmetic calculates the speed and 

performance of the whole system [6]. In general the 

multiplier requires the highest delay along with the basic 

operational blocks in digital system design. The critical path 

[3], [7] and overall delay are also determined by the 

multiplier. The path which has longest delay from input to 

output is the critical path.  

In general, the partial products [8] of multiplier are 

generally generated by using basic two input AND gates. 

The latter has widely been adopted the parallel multiplier [9] 

such as array multiplier [10] and booth multiplier [11]. The 

most effective method to increase the performance of a 

multiplier is to minimize the number of partial products 

rows because multiplication precedes a sequence of 

additions. For decreasing the number of the addition steps 

for the partial products rows, booth algorithm and modified 

booth algorithm [12] has been used. Booth multiplier is 

known as the fastest multiplication algorithm. For high 

speed and better performance of the multiplication [13], the 

modified radix-2 Booth’s algorithm (MBA) [3] is frequently 

used. 

This paper is organized in six sections. Section II 

briefly discusses a simple introduction of a general MAC. In 

section III booth multiplier and its algorithm will be given. 

The architecture of proposed MAC will be given in section 

IV. In section V implementation result will be described and 

finally, section VI discuss about the conclusion. 

II. OVERVIEW OF MAC 

The basic arithmetic steps of parallel multiplication and 

accumulation is shown in Fig. 1, for multiplying two 

numbers M and Q and adding the result to Z. The MAC 

architecture can be divided into three basic operational 

steps. 

The required task is organized from initial to final 

steps are the following. 

A. Booth Encoding:  

The first step is radix-2 booth encoding in which a row of 

partial products is generated from the multiplicand (M) and 

multiplier (Q). Partial product can be achieved using the 

various techniques such as booth algorithm, modified booth 

algorithm and Baugh Wooley algorithm (BWA) and it is 

used for various filtering calculations [14]-[16]. 

B. Partial Product Summation:  

The second step is the partial product summation to add all 

the partial products and convert them in the form of sum (S) 

and carry (C). 
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Fig. 1: Basic Arithmetic Steps of Multiplication and 

Accumulation 

This is done using a carry save adder [17] and carry 

look ahead adder (CLA) [18] for serial parallel multipliers. 

For parallel multiplier the addition is done using Wallace 

trees [19], carry-save techniques, or summand skip 

C. Final Addition:  

The last step is the final addition in which multiplication is 

produced by summing sum (S) and carries (C). Final adder 

is required to generate the multiplication result. 

Fig. 2, Shows the basic hardware architecture of 

the MAC architecture. It performs the multiplication 

operation to produce the final result by multiplying the 

multiplier (M) and the multiplicand (Q). This result is added 

to the preceding multiplication result (Z).  

The MAC process can be written as 

P M Q Z                      (2.1) 

Where the multiplicand M and multiplier Q are of n 

bits each and multiplication result P has 2n bits. 

The n-bit binary number M in 2’complement can 

be expressed as  
21
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In order to relate the radix-2 booth algorithm in 

base-4 redundant sign digit form (2.2) is expressed as 
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By using (2.3) basic multiplication result can be 

expressed as 
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Finally, the multiplication-accumulation result i.e. 

P can be expressed as 

 
Fig. 2: Hardware Architecture of General MAC 
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On the right hand side of (2.6) these two terms is 

independently calculated and final result is obtained by 

adding these two terms. Finally, the MAC architecture is 

implemented by (2.6) which are called standard design. 

The parallel multiplier accumulator unit based on 

radix-2 modified booth algorithm, the computations of 

multiplication are combined and a carry save adder structure 

is proposed to decrease the critical path and increase the 

output performance of the multiplier. The multiplier and 

accumulator unit uses MBA algorithm which is based on 2’s 

complement number system.  To decrease the number of 

bits in the final adder, carry look-ahead adder (CLA) is 

injected in the carry save adder tree. To increase the output 

rate by optimizing the pipeline competence, intermediate 

calculations are accumulated in the form of the sum and 

carry instead of the final adder outputs. 

III. BOOTH MULTIPLIER 

Booth algorithm is a multiplication technique which 

performs the multiplication operation of two signed binary 

numbers in two's complement form. This algorithm was 

invented by Andrew Donald Booth in 1950, forms the base 

of signed number multiplication algorithms that have the 

power to speed up the signed multiplication. Fig. 3, Shows 

the architecture of booth multiplier. The Booth's algorithm 

has the ability to execute fewer addition and subtraction 

operations in comparison to other binary multiplication 

algorithm. This encoding method is used to decrease the no 

of partial products rows in the multiplication process. 

Let m and q be the two number multiplicand and 

multiplier respectively. Now, let x and y symbolize the 

number of bits in m and q.  

A.    Determine the value of A and C, and the initial value 

of P. The length of A, C and P should have equal to (x + y + 

1).  

1)  A: Load the left most value i.e. most significant bits with 

value of m. Load the remaining (y + 1) bits with zero value. 

 
Fig. 3: Architecture of Booth Multiplier 
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2) C: Load the most significant bits of (−m) in two's 

complement form and fill the left over (y + 1) bits with zeros 

value.  

3) P: Load the most significant x bits with the value zero. 

The right of this attach the value of r. Load the rightmost 

(least significant) bit with a zero. 

B.    Determine the two rightmost (least significant) bits of 

P.  

1)    If it is 00, do nothing and apply P directly in the next 

step. 

2)    If it is 01, calculate the value of (P + A). Ignore if any 

over-flow.  

3)    If it is 10, calculate the value of (P + C). Ignore if any 

over-flow. 

4)    If it is 11, do nothing and apply P in the next step 

directly.  

C. Shift the value which is got in the 2nd step by a one digit 

place to the right. Now let P equal this new value. 

D. Repeat the steps 2 and 3 awaiting they had been done y 

times.       

E. Drop the rightmost (least significant) bit from the P. 

This is the final multiplication result of m and q.  

IV. PROPOSED MAC ARCHITECTURE  

The proposed arithmetic operation of multiplication and 

accumulation is shown in Fig. 4. The overall performance of 

proposed MAC design is improved by neglecting the 

accumulator itself and by combining it with the partial 

product summation. If the accumulator has been neglected, 

the critical path is determined with the help of the final 

adder in the multiplier. The basic method to increase the 

output rate of the final adder is to reduce the number of 

input bits. In order to decrease this number of input bits, the 

multiple partial products rows are compressed into a form of 

the sum and carry by CSA tree. 

Eqn. (2.5) can be expressed as 
2 4 2

0 1 2 /2 12 2 2 ... 2n

nM Q d Q d Q d Q d Q

     
     (4.1) 

Eqn. (4.1) can be divided into the form of the first 

partial product, addition of the middle partial product and 

last is the final partial product and it can be expressed as 

(4.2). 

 
Fig. 4: Proposed Arithmetic Operation of MAC Architecture 
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Now, the proposed idea is based on the Z in (2.6). 

If Z is divided into the upper and lower bits and it is 

rearranged, then (4.3) will be obtained.   
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The second part can be separated into the form of 

the carry and sum term as 
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Eqn. (4.3) is divided into three terms as 
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Finally, the MAC architecture (2.6) can be 

expressed as 
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  (4.6)             

If the (4.6) rearranged and expressed as (4.7) then 

we obtained the final equation for the proposed MAC 

architecture.  
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  (4.7)      

The first term on the right of (4.7) represent the 

procedure to accumulate the first partial product with sum 

and carry. The second term is to combine the partial 

products with the sum of the carry save adder tree that was 

previous used. Finally, the third term is the process to 

combine the last partial product with carry of the carry save 

adder. 

 
Fig. 5: Simulation Waveform of 16 Bit Multiplier-and-Accumulator 
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V. RESULTS AND DISCUSSION 

In this section, the proposed MAC architecture is 

implemented and analyzed in register-transfer level (RTL) 

using hardware description language i.e. verilog HDL. The 

verilog code of MAC based on radix-2 modified booth 

algorithm simulated on modelsim SE 6.5 for logic 

verification and synthesized it on Xilinx ISE 13.2 tool. 

Simulation results of 16 bit multiplier by using modified 

booth algorithm is shown in Fig. 4.2 Operands taken for 

multiplication are multiplicand (IN1) and multiplier (IN2) 

and the resultant product is P. If both operands are positive 

then it will go directly to booth encoding. If any one of the 

operands is negative then it will take two’s complement and 

then it performs booth encoding. 

Logic Utilization Used Available 

Number of 4 input LUTs 530 1920 

Number of occupied Slices 284 960 

Number of Slices containing only 

related logic 
284 284 

Number of Slices containing unrelated 

logic 
0 284 

Total Number of 4 input LUTs 530 1920 

Number of bonded IOBs 64 66 

Average Fan out of  Non-Clock Nets 3.87 - 

Table I. Device Utilization Summary of Multiplier-

Accumulator 

Table I shows the device utilization summary of 

booth multiplier based on the various logic utilization. The 

critical path delay of the proposed architecture is 32.56 for 

16-bit MAC. The synthesis results of 16-bit booth multiplier 

is obtained by using Xilinx ISE 13.2 design tool which is 

based on the  number of 4 input LUTs, number of slices, 

Number of slices containing only related or unrelated logic, 

number of IOs, number of GCLKs, number of  bonded IOBs 

and average fan out of  non-clock nets. 

VI. CONCLUSION 

The 16 bit MAC unit has been implemented in this paper 

which executes the multiplication and accumulation 

operation. It is the basic operation for high speed digital 

signal processing, multimedia information processing and 

filter realization. A radix-2 modified booth algorithm based 

on spurious power suppression technique used for MAC 

architecture. Compared to other multiplier, the modified 

booth multiplier has the highest operational speed and less 

hardware count. In case of parallel multipliers, the delay is 

much less than that of serial multipliers. So, the power 

consumption is also less. This speeds up the arithmetic 

calculation and makes the system faster.  
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