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Abstract - With the advent of new technology in the field of VLSI, there is a prolific demand for high-speed processing and optimum 
area design. It is a notable fact that the multiplier unit forms an integral part of the processor design. Due to this regard, high-
speed multiplier architectures have become imperative. To boost the computational speed of devices Baugh Wooley multiplier, a 
carry-save array algorithm, is opted to reduce area. This paper presents a novel Baugh Wooley multiplier which comprises of 
Spruce Compressors. Using 45nm technology, the design has been heightened and entailed with pass-transistor (PT) logic and is 
used to lessen superfluous transistors and transistor count radically. Improving the power regulation and diminishing the area 
utilized, with the avail of compressors, the Baugh Wooley multiplier has revamped. The proposed Baugh Wooley multiplier has 
64% reduced area efficiency and 95% reduction in power when compared with other multipliers. Experiment results using ISCAS 
bench marks and comparison with previous methods demonstrate the effectiveness of the proposed method.  
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I. INTRODUCTION 
 

In the era of modern technology usage, multiplication, in 
other words, repeated addition algorithm has its significance 
in field of VLSI. The demand for more efficient multipliers 
in this field is increasing day by day. Many researchers are 
embedding their magnificent efforts to bring the most 
advanced, high speed, area constraint, low power 
consumption multipliers and came up with some algorithms 
like Booth’s algorithm, Dadda multiplier and Vedic 
multiplier [1]. However, when power, area, and delay 
parameters are considered it is impossible to make 
improvements in all the parameters simultaneously. 
Therefore, one has to hold any of the two parameters in the 
penalty of the third one. A design of a multiplier can be 
made with the advances in any of the two particular 
sections. An efficient multiplier in terms of power, area or 
delay can be implemented using different logic styles. One 
among them is the pass transistor logic. Pass transistor logic 
is a gate reducing technique which can replace the CMOS 
technology at the cost of power where input takes the place 
of supply voltage and drives the transistor to an extent. A 
single gate implementation with the help of this logic 
reduces the number of transistor count and does not affect 
the output whereas on the other side when more gates are 
involved power can be confronting and exemplary output 
wave cannot be generated. 

The use of Buffers can lessen this impact to an extent. 
Pass transistor logic implementation can also be carried out 
with a single electron. Several types of research state that 
PTL logic is faster than standard CMOS logic styles. High 
speed and low power operational asynchronous-logic dual-

rail sense amplifier deploy PTL logic. With the help of pass 
transistor logic, sequential circuits, ONE gigabit DRAMs 
and super low power 8-bit CPUs were efficiently designed. 
Using the PTL logic for the design of full adders and half 
adders present in the multiplier declines the transistor count 
from 28 to 10 which is equal to 65 percent reduction and 14 
to 6 which is equal to 57 percent reduction respectively. 
Multiplication has become a key arithmetic operation in 
almost all arithmetic circuits, which should be optimized in 
advanced digital signal processors [4-9]. There are several 
approximate multiplier designs proposed in the literature [5-
9]. In [5], to perform partial product accumulation two 
approximate the Least Significant Bits (LSBs) of the partial 
products are considered in [6]. Approximate compressors 
are proposed in [7] to reduce the delay and power 
consumption. While exact compressors are used for the 8 
Most Significant Bits (MSBs), the two proposed designs are 
employed for the 8 LSBs in a 16x16 multiplier. In general, 
applications such as deep learning, CNNs and DSP require 
arithmetic computations in the form of multiplication and 
accumulation. Various adders have been widely studied for 
approximate circuit implementations and several adders 
(and multipliers) both exact as well as approximate designs 
are proposed to achieve power reductions and delay [10-12]. 
The paper is organized as follows: Section 2 reviews the 
novel Baugh Wooley multiplier and section 3 discusses 
proposed 4:2 compressor: Spruce Compressor. Section 4 
evaluates the proposed designs (LI-PAMB) with error 
analysis and hardware results. A comparison with previous 
multipliers is also given in this section. Section 5 concludes 
this paper. 
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II. BAUGH WOOLEY MULTIPLIER 
 

Multiplication involves positive as well as negative 
numbers as inputs. The negative and positive numbers are 
differentiated with the help of signed bits i.e the Most 
Significant Bit (MSB). Logic-1 of MSB implies negative 
number whereas the Logic-0 of MSB implies positive 
number. One of the cost-effective ways of handling sign bits 
is the Baugh Wooley algorithm [2]. It is a convenient 
method for multiplication of 2’s complement numbers. 
Baugh Wooley multiplier with pipeline architecture and 
carry-save algorithm [3] is presented in Fig. 1. The 
multiplicand, multiplier bits partial product computation is 
done and given as the inputs to the respective half adders 
and full adders. The partial products constituted by the most 
significant bits of the multiplier or multiplicand are 
computed using a NAND gate to make the result positive. 
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Fig. 1: 8x8 Baugh Wooley Multiplier 

 
According to the Baugh-Wooley approach, an effective 

method of adding additional entries to the bit matrix 
recommended avoiding having a compromise with the 
negatively weighted bits in the partial product matrix. The 
multiplicand represented as shown in eq. (1) and multiplier 
represented as shown in eq. (2) are multiplied to perform the 
signed bit multiplication as shown in eq. (3). One of the 
main advantages of this algorithm is that it helps in 
maintaining the partial product sign bits as positive, which 
makes the array of addition approach to be directly 
employed. Adding all the partial products with the help of 
half adders and full adders proffer the accurate results. 
Keeping this advantage in mind, a novel Baugh Wooley 
multiplier (LI-PAMB) has been designed using PT logic 

style [13] with 772 transistors which is equal to 62 percent 
reduction in transistor count when compared with CMOS 
technology. Embedding the proposed 4:2 Spruce 
Compressor in the Baugh Wooley multiplier resulted in 
49uW power resulting in an area efficient and low power 
consumption design. The novel Baugh Wooley multiplier 
implements signed multiplication with exact computing. 
Pass transistor logic is used to design the full adders, half 
adders, and compressors in the novel Baugh Wooley 
multiplier. With the usage of pass transistor logic, the 
number of transistors required to design the entire circuit 
reduces to a notable figure and makes it an area-efficient 
approach. Cadence tool is used to implement the circuit 
using 45nm technology. The novel Baugh Wooley 
multiplier in Fig. 5 uses the 2’s complement form of inputs. 
The multiplicand and multiplier bits are of 8-bit length each. 
The most significant bit in the input terms represents the 
sign bit. AND and NAND logics are used to produce partial 
products. With the help of full adders and half adders, the 
partial products are transformed into Sum and Carry. The 
first series of full adder’s Carry will be the input to the next 
series full adder. In this way, the propagation takes place 
until the end. The Sum part of the rightmost full adder in 
every series will produce significant bits of output. Similar 
to the Carry, Sum bits of half adders and full adders in one 
row will be serving as the inputs to the next set of adders. In 
this manner, the propagation of all Sum and Carry bits takes 
place to produce the result. 

 
III. PROPOSED 4:2 COMPRESSOR: SPRUCE 

COMPRESSOR 
 
The compressor is the circuit which compresses the 

inputs into a minimum number of outputs and reduces the 
power by a significant amount [14]. If there are m inputs and 
n outputs, the ratio m:n can be of any values according to 
the requirements. The design of the novel Baugh Wooley 
multiplier discussed in this paper consists of 4:2 
compressors. The compressor shown in Fig. 2 is the 
replacement for a set of 3 half adders in the last stages of the 
circuit and the equations of the compressor are given by eq. 
(4). The inputs to the compressors are the half adders Sum 
and Carry bits in the preceding step. In the conventional 
Baugh Wooley multiplier algorithm, nine half adders 
replacement in the last successive stages by three 
compressors makes the algorithm into a novel one. The 4:2 
compressor circuit consists of a two-input XOR gate and 
four-input AND gate. Two Sum and Carry bits from a row 
of adders in the earlier stage will be the inputs to the four 
input AND gate, and the two Sum bits will be the inputs to 
the XOR gate. The outputs of the compressor are the Sum 
and Carry bits. The compressor usage is at three stages in 
which one compressor carry will be acting as input to the 
ensuing compressor in the following stage. The Sum bit of 
the compressor will be acting as an input to the next stage 
half adder. In this way propagation of Sum and Carry bits 
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takes place and bits of the end compressor will provide the 
most significant bits of the output. Spruce Compressor 
(proposed compressor) is compared with other compressors 
as shown in Table I. The comparisons of power and delay 
factors with other compressors are shown in Fig. 3 and Fig. 
4 respectively. 
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Fig. 2. Spruce 4:2 Compressor 

 
TABLE I. COMPARISON OF COMPRESSORS 

Compressors Power(uW) Delay(ns) 
No. of 

Transistors
3:2 Compressor 42.14 10.01 38 
4:2 Compressor 0.066 0.206 20 

4:2 with 3:2 Compressor 134.4 31.01 76 
5:2 Compressor 89.7 30.66 114 

Spruce Compressor 0.038 0.196 14 

                                

 
Fig. 3: Power Comparison of Various Compressors 

 
Fig. 4: Delay Comparison of Various Compressors 

 
 
 

IV. STATE OF ART- PROPOSED BAUGH WOOLEY 
MULTIPLIER DESIGN USING SPRUCE COMPRESSOR 
 

To demonstrate the effectiveness of the proposed 
multiplier, we have verified it with the multipliers that exist 
in literature [6, 7, 9]. The simulation results are carried out 
using ISCAS Benchmark Suite [21] and the results are very 
encouraging. These results are tabulated in Table III. 
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Fig. 5. LI-PAMB – Proposed Novel Baugh Wooley Multiplier 
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A. Simulation Results of Novel Baugh Wooley Multiplier 
 
An 8×8 Novel Baugh Wooley multiplier has been 

executed by embedding the Spruce 4:2 Compressor. The 
average power consumption, area constraint were depicted 
which implies that there is subsequent declination in power 
and area of 8 × 8 nearly by 49uW and 64% reduction 
respectively, on comparison with other multipliers. Table II 
gives the comparison of power and area of different 
multipliers with the LI-PAMB. 

                 

 
Fig. 6. Power dissipation comparison of 8-bit multiplier 

 
TABLE II. PERFORMANCE EVALUATION OF THE PROPOSED MULTIPLIER IN TERMS OF POWER, AREA AND NUMBER OF 

GARBAGE OUTPUTS 
 Design Reversibility Technique Power(uW) Area(mm2) Garbage Outputs 

Sumod [2]   Accurate 832.91 82.12 4 
Gustafsson [3]   Accurate 877.62 85.12 2 

Liu [4]   Accurate 513.75 52.67 3 
Lin [5]            X Approx 969.41 99.81 NA 

Momeni [6]            X Approx 243.21 48.96 NA 
Mahdiani [7]            X Approx 911.38 89.09 NA 
Henkel [8]            X Approx 483.64 34.89 NA 
Kyaw [9]            X Approx 578.12 56.78 NA 
Jiang [10]            X Approx 216.78 45.98 NA 
Zhu [11]            X Approx 374.63 23.98 NA 

LI-PAMB            X Accurate 45.32 12.45 0 

 
TABLE III. EXPERIMENT RESULTS USING ISCAS BENCHMARKS [21] (POWER(MW), CPU TIME (NS), PDP (FJ)) 

 
Circuit 

Momeni [6] Approx Mahdiani [7] Approx Kyaw [9] Proposed Method 

Power CPU Time PDP Power CPU Time PDP Power CPU Time PDP Power CPU Time PDP 

c1908 84.21 62.31 5.25 85.05 62.93 5.35 85.9 63.56 5.46 32.12 22.14 0.71 

c2670 88.42 77.26 6.38 98.14 85.76 8.42 108.94 95.19 10.37 33.21 23.89 0.79 

c5315 149.43 78.03 11.66 185.29 96.75 17.93 229.76 119.97 27.56 72.10 35.41 2.55 

c3540 170.35 104.56 17.81 223.16 136.97 30.57 292.34 179.43 52.45 81.20 39.29 3.19 

c6288 272.56 140.12 38.19 395.21 203.17 80.29 573.05 294.59 168.81 110.32 58.42 6.44 

c7552 327.07 346.10 113.19 755.53 799.49 604.04 1745.27 1846.82 3223.19 152.39 63.81 9.72 

s9234 346.69 508.77 176.39 429.89 630.87 271.20 533.06 782.28 417.002 154.97 78.89 12.23 

s13207 741.93 1190.53 883.29 875.47 1404.83 1229.89 1333.05 1657.69 1712.47 256.39 103.92 26.64 

s15850 1187.09 1214.34 1441.53 1424.50 1457.21 2075.79 1709.4 1748.65 2989.14 398.31 123.51 49.19 

s35932 1424.51 1408.63 2006.61 1709.41 1690.36 2889.52 2051.28 2028.43 4160.87 412.97 169.99 70.20 

s38417 1908.84 2366.50 4517.27 2290.6 2839.8 6504.85 2748.72 3407.76 9366.97 627.14 193.21 121.17

s38584 3206.86 4685.68 15026.32 3848.16 5622.7 21637.05 4617.79 6747.24 31157.34 721.98 202.43 146.15
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TABLE IV. TRANSISTOR COUNT AND POWER CALCULATIONS 
OF VARIOUS MULTIPLIERS 

Multipliers using Power(uW) 
No. of 

Transistors

Compressors [17] 521.38 N/A 

Carry Propagation [18] 312.46 N/A 

Barrel Shifter [19] 642.10 N/A 
GDI Technique [20] 301.00 748 
LI-PAMB 49.12 772 

 
B. Analysis of Proposed Multiplier in Terms of Power 
Dissipation and Transistor Count  

 
The performance analysis of proposed multiplier in 

terms of power and transistor count is compared with the 
multipliers [17-20] in Table IV. The design of the proposed 
multiplier involves the usage of a several Half Adders [16] 
and Full Adders [15] which were implemented in PT logic 
and hence resulted in obtaining lesser power when 
compared to the other multipliers as shown in Fig. 6. The 
Pass Transistor logic implemented in the proposed 
multiplier decreases the transistor count when compared 
with other multipliers. 

 
V. CONCLUSION 

 
In many high-performance systems, the multiplier has its 

significance for the computations and there is a tremendous 
demand for the low power and area efficient multipliers. The 
computation of 2’s complement numbers, a time-consuming 
process in numerous multipliers can take a shift into the 
expeditious process with the help of the designed novel 
Baugh Wooley multiplier. In this paper, the Spruce 
Compressor is proposed and involved in a Baugh Wooley 
multiplier to descent specific transistor count and the stages 
required for the complete computation. Implementing the 
complete design in Pass Transistor logic also made a clear 
decline in the number of the transistors. The overall power 
consumption and area of the multiplier has shown a notable 
drop. 
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