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Abstract- This paper presents a technique to enhance the speed of conventional shift and add multiplier. The shift and add 
logic occupies very small area compared to other multiplier structures but usually it is slow due to sequential operation. To 
improve speed, we propose modified shift and add architecture that is capable of processing two bits of multiplier in single 
clock cycle under certain conditions. This is achieved with little area overhead of 2x1 multiplexers that allows single and two 
bit shifting of product register. The results show the 65% improvement of speed and 20% reduction in power with only 6.8% 
increase in area. Hence, the proposed multiplier can be used in low area, low power and moderate speed applications. 
 
Index terms- Array multiplier, Booth Multiplier, Shift and add Multiplier, Low area   
 
I. INTRODUCTION 
 
Multiplier is an essential component of most of DSP 
and Graphics processors. With multiple MAC units 
incorporated in these processors, optimizing 
multiplying hardware unit would have significant 
impact on performance. Portable devices mostly 
operate with stand-alone batteries, but multipliers are 
very power consuming. Consequently, it is imperative 
to develop low area and power-efficient multipliers to 
design a high-performance and low-power portable 
multimedia and DSP systems. 
Among other multipliers, parallel multipliers have 
been used for high speed and are classified into tree-
based multipliers [1,2] and array-based multipliers 
[3]. These multipliers generate all partial products at 
ones using an array of AND gates at first level. Then, 
layers of adders are used at the second level to add 
partial products to form result. Tree multipliers are 
faster than array multipliers but the layout of tree-
based multiplier tends to be irregular and induces 
more parasitic capacitances. In addition, tree-based 
multiplier is limited to shorter operand length (<16 
bits) [4]. Array multipliers, on the other hand, are 
more popular in terms of regular layout. However, 
delay in array-based multipliers grows linearly with 
operand length. 
 
Shift-and-add multipliers have been used in many 
applications for their simplicity and relatively small 
area requirement. On the other hand, serial-parallel 
multipliers compromise speed to achieve better 
performance for area and power consumption. To 
reduce the number of partial products to be added, 
Modified Booth algorithm is one of the most popular 
algorithms. Multiplier with longer operand length can 
be implemented by combination of modified Booth 
encoding and Wallace tree. 
In this work, simple but an efficient modification to 
conventional shift and add multiplication architecture 
is proposed to improve speed of operation and to 
reduce power consumption. The rest of the paper is 

organized as follows: popular architectures of 
multipliers are explained in Section II. Section III 
presents proposed shift and add multiplier. Section IV 
discusses the simulation results. Finally, in Section V 
concluding remarks are made. 
 
II. POPULAR MULTIPLIER 
ARCHITECTURES  
 
This section briefly describes some popular and 
widely used multiplier architectures [3]. This includes 
booth multiplier and parallel multiplier (tree and array 
based) structures.  
 
A. Array Multipliers 
Array multiplier is well known due to its regular 
structure. Each partial product is generated by the 
multiplication of the multiplicand with one multiplier 
bit. The partial products are placed in shifted position 
according to their bit orders and then added. The 
addition can be performed with normal carry 
propagate adder. To perform MxN multiplication 
operation, N-1 rows of M-bit adders are required. 
Array multipliers typically have a complexity of 
O(N2) for area and O(N) for delay. 
 
Conventional array multiplier is primarily used for 
computing multiplication of two input data. For 
example, two unsigned n-bits binary numbers A: an-1 
an-2 an-3 . . . a0 and B: bn-1 bn-2 bn-3 . . . . b0 can generate 
2n bit product P, which can be defined as the 
following 
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Fig. 1 illustrates 4x4 bit array multiplication process 
that uses carry save addition to add partial products. 
The first row of partial products is implemented with 
half adders since input carries are 0 whereas other 
rows are implemented with full adders. The carry of 
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Figure 1: Array Multiplication with CSAs 

 
each adder is diagonally forwarded to the next row of 
adders. Since carry bits are not immediately added 
but rather saved for next stage of addition, this 
structure is called carry save array multiplier. The 
carries of final stage are carefully added to inputs of 
appropriate full adders. As shown in Fig. 1, carry of 
fourth, fifth and sixth column is given to input next 
higher column and carry from seventh column is 
considered as most significant bit of multiplication 
result. 
An array multiplier suggested by [5] uses regular 
structure of multiplexers. This saves area without 
power consumption and speed penalties. [6] 
presented low power and high speed row bypassing 
array multiplier. Here, power reductions are obtained 
by turning off the MOSFETs through multiplexer 
when operands of multiplier are zero. It also enhances 
the speed by ripple carry adder based parallel 
structures to shorten the delay time. 
 
B. Tree Multipliers 
To reduce the delay of array multipliers, tree 
multipliers, which have O(log2(n)) delay, are often 
used. Tree multipliers use the idea of reduction [7] to 
reduce partial products down until they are reduced 
enough for use with a high speed carry propagate 
adder (CPA). The tree multiplier realizes substantial 
hardware savings for larger multipliers. Wallace [1] 
introduced a way of summing the partial product bits 
in parallel using a tree of Carry Save Adders (CSAs) 
which became generally known as the Wallace Tree. 
In this way, bit matrix of partial product is reduced 
down to two row matrix and then remaining two rows 
are summed using a fast carry-propagate adder to 
produce the product. 
In Wallace tree architecture, all the bits of all of the 
partial products in each column are added together by 
a set of counters in parallel without propagating any 
carries. Another set of counters then reduces this new 
matrix and so on, until a two-row matrix is generated. 
The most common counter used is the 3:2 counter 
which is a full adder. The final results are added 

using usually carry propagate adder. Although this 
may seem to be a complex process, it can be shown 
that the propagation delay through the Wallace tree is 
equal to O(log3/2(n)). While substantially faster than 
carry save structure for large word length, the 
Wallace multiplier has disadvantage of being 
irregular, which complicates the task of an efficient 
layout design. This method was further refined by 
Dadda [8] which forms Wallace layer using minimum 
number of adder cells.  
In 1981 Weinberger disclosed a structure which he 
called 4:2 carry-save module. This structure 
contained a combination of FA cells in an intricate 
interconnection structure which was yielding a faster 
partial product compression than the use of 3:2 
compressor. The structure actually compresses five 
partial product bits into three, however it is connected 
in such a way that four of the inputs are coming from 
the same bit position of the weight j while one bit is 
fed from the neighboring position j-1 (known as 
carry-in). The output of such a 4:2 module consists of 
one bit in the position j and two bits in the position 
j+1  
In [9], speculative tree multiplier is proposed that 
uses speculative counters (m:3), with m>3, that are 
faster than a conventional tree structure. The circuit 
recodes some multiplier partial products and uses 
speculative compression tree to sum recoded partial 
products. Another work of [10] proposes faster and 
energy-efficient column compression multiplier with 
very small area overheads. It uses the technique of 
partitioning partial products into two parts for 
independent parallel column compression and then 
accelerating the final addition using new hybrid adder 
structures. 
 
C. Booth Multiplier 
One of the powerful multiplication algorithms is 
Booth Recoding Algorithm described by Booth in 
1951 which treats both positive and negative numbers 
uniformly. Generally speaking, Booth algorithm is a 
method that will reduce the number of multiplicand 
multiples. For a given range of numbers to be 
represented, a higher representation radix leads to 
fewer digits. Since a k-bit binary number can be 
interpreted as k/2-digit radix-4 number, a k/3-digit 
radix-8 number, and so on, it can deal with more than 
one bit of the multiplier in each cycle by using high 
radix multiplication. This substantially reduces the 
number of partial products, thus speeding up the 
multiplication process. Booth algorithms can be used 
for both sign-magnitude numbers as well as 2's 
complement numbers with no need for a correction 
term or a correction step. A modification of the Booth 
algorithm was proposed by Mac Sorley in which a 
triplet of bits is scanned instead of two bits. This 
technique has the advantage of reducing the number 
of partial products by roughly one half.  
Many extensions to Booth algorithm are proposed in 
research literature. In [11] mixed radix architectures 
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are presented to exploit the use of several radices. It 
overlaps computation of multiples of multiplicand for 
higher radices with addition of partial products 
associated with lower radices. Configurable Booth 
Multiplier proposed in [12] supports 16-bit, 8-bit and 
twin parallel 8-bit multiplication which makes it 
suitable for applications that require flexible 
processing ability. 
 
III. CONVENTIONAL SHIFT AND ADD AND 
PROPOSED MULTIPLIER 
 
A. Conventional Shift and Add Multiplier 
Shift-and-add multiplication is similar to the 
multiplication performed by paper and pencil. To 
multiply two N-bit numbers, the algorithm takes one 
bit of the multiplier at a time from right to left, 
multiplying the multiplicand by this single bit of the 
multiplier and placing the partial product to the left of 
the earlier results. At each clock cycle the multiplier 
is shifted one bit to the right and its LSB value is 
tested. If it is a 0, then only a shift operation is 
performed. If the value is a 1, then the multiplicand is 
added to the accumulator and is shifted by one bit to 
the right. After all the multiplier bits have been tested 
the product is in the accumulator.  
Shift and add multiplier has simple architecture and 
occupies less area. However, it is slow and requires 
as many clock cycles as number of multiplier bits. An 
appreciable improvement in the speed can be 
achieved by performing multiple shift operation in a 
single clock cycle whenever there is a possibility to 
do so. Typically, multiplier contains many zeros 
which allows to do multiple shift operation in a clock 
cycle and reduce total number of clock cycles needed 
to perform required n-bit multiplication. 
 
B. Proposed Multiplier 
The primary objective of proposed design is to add 
little extra circuit to conventional shift and add 
multiplier to gain speed improvement and power 
saving. To achieve this, our algorithm takes two bits 
of multiplier at a time and attempt to accomplish 
required shift and add operations in single clock 
cycle. By doing this, we would be able to process two 
bits of multiplier simultaneously in a single clock 
cycle. This can be easily accomplished in case of 00 
and 01 bit combinations of multiplier whereas it is 
somewhat difficult for 10 and 11. 
Thus, proposed method does optimization 
considering only 00 and 01 bit combination. The 00 
requires only shifting by two positions whereas 10 
requires an addition and two bit shifting. When bit 
pair of multiplier is 10 and 11, conventional shift and 
add operation is pursued and that would require two 
clock cycles. So overall speed performance is 
improved in proposed multiplier.  With high 
probability of occurrence of 0s in multiplier operand, 
speed is expected to increase by factor more than 1.5 
in practice.   

a) Hardware structure: 
 

 
Figure 2: Architecture of proposed Multiplier 

 
The hardware for proposed design involves elements 
similar to conventional shift and add multiplier such 
as shift registers, adder and control logic as shown in 
Fig. 2. Notice that the product register is 2n+1 bits 
wide for nxn multiplication since last shift in 
multiplication process leaves 0 in MSB of product 
which is unused. To save area, the multiplier is stored 
in lower part of product register instead of separate 
register. Two operands for adder are multiplicand and 
upper n-bit part of product register excluding MSB. 
The output carry bit from adder is written in the most 
significant bit (2n+1)th bit and n-bit sum is written in 
subsequent bits of product register as shown in Fig. 3. 
Shifting of product register is controlled by an array 
of 2x1 multiplexers (shown in Fig. 3 and 4) and 
loading of n-bit adder output into register is activated 
when load signal is asserted. Muxes route outputs of 
flip-flops of product register by single or two 
positions right depending on sel select input. 
Control logic controls and sequences the 
multiplication operation using load and sel control 
signals. In order to realizes both load and shift 
operation in single clock cycle, load is activated when 
clock low and then, on rising edge of clock, partial 
product is shifted. To achieve this, load signal is 
logically ANDed with inverted clock signal so when 
clock is low, AND gate allows load signal to 
propagate. 
b) FSM Controller: 
A control logic based on FSM has to be design to 
generate control signals that controls and sequences 
multiplication operation. Two important control 
signals are load and sel. Load control signal is 
asserted at appropriate time to write output of n-bit 
adder to product register whereas sel determines 
amount of shift. Load signal is enabled only when 
multiplier bit is 1. Signal sel is connected to select 
input of 2x1 muxes which performs either 1-bit or 2-
bit right shifting of product register. Table I 
summarizes values of control signals to be used for 
various hardware operations. 
 The complete control and sequencing activity is 
capture in state diagram is shown in Fig. 5 consisting 
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of four states. Initially, state machine is default state 
or reset state S0. In every state controller observes 

two least significant bits of multiplier and asserts load 
and sel control signals appropriately. 
 

 
Figure 3: Upper n+1 bits of product register of proposed multiplier 

 
Figure  4: Lower n+1 bits of product register of proposed multiplier 

 
TABLE I. Control signals issued by control logic 

 
 
Once start signal is asserted, FSM switches from reset 
state S0 to state S1 and then onwards makes decision 
based on the two LSB bits of multiplier. While in 
state S1, if input is 00 then loading of adder output is 
inhibited by load=0 and product register is right 
shifted by two bit position by making sel=1. 
However, if input is 01 then adder output is loaded in 
  

11/
add, shift by 1

00/
No add, shift by 2

add, shift by 1

01 /
add, shift by 2

10/
No add, shift by 1

add, shift by 1

S1

S3S2

startS0

 
Figure 5: FSM for control logic of proposed multiplier 

 
upper part of product register with load=1 and then 
register is right shifted by two position by sel=1. In 
both above cases, next state is same as previous one 
and two bits of multiplier is processed in single clock 
cycle. In other two cases of input i.e. 10 and 11, 
multiplication operation consumes two clock cycles 
and appropriate control signals are issued from 
controller as shown in Fig.5. 

       
IV. IMPLEMENTATION RESULTS AND 
DISCUSSIONS 
 
In this section, we present experimental results for the 
proposed and conventional multiplier. The design is 
developed using HDL and synthesized in Cadence 
Encounter RTL Compiler using typical libraries of 
TSMC 180 nm CMOS technology. 
NCSim/SimVision tool of Cadence is used to compile 
and simulate gate-level verilog netlist synthesized 
from RTL compiler.  
 

TABLE II. Synthesis results using 0.18µm TSMC CMOS 
libraries and 1.8V supply voltage 

 
 
The performance comparison between conventional 
shift and add multiplier and proposed multiplier is 
summarized in Table II. Results show the speed 
improvement and power saving for 16-bit x 16-bit 
multiplication. We are able to achieve 65% increase 
in speed and 20% reduction in power dissipation. 
These benefits are achieved with only 6.8% overhead 
in hardware. 
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CONCLUSIONS 
 
Multiplier proposed in this paper is an improved 
version of conventional shift and add structure. 
Proposed design achieves speed improvement of with 
very little area overhead. It also exhibits lower power 
per multiplication operation due to less switching 
activity as compared to conventional shift and add 
method. These features make our design suitable for 
applications that require low area, low power and 
moderate speed. 
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