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Abstract—This work presents the design of a novel 2-stage
pipelined 4-bit signed Multiply and Accumulate (MAC) unit
(called 2s4BSMAC), which is low-power, high-speed, and high-
throughput. The unit incorporates a unique compressor-based
4-bit Vedic Signed Multiplier (VSM) architecture, a compressor-
based 16-bit Ripple Carry Adder (RCA) architecture, and a
saturation unit. Without adding buffers at intermediate stages,
the proposed 4-bit Vedic Signed Multiplier (VSM) and 16-bit
Ripple Carry Adder (RCA) based on compressors overcome the
driving limitation of transmission gates. This paper introduces
a novel hybrid Full Adder (FTGHFA-21T) having low power
and high speed, utilising FinFET-Transmission Gate technol-
ogy and 21 transistors. The FTGHFA-21T adder, operating
at nominal supply voltage, exhibited significant improvements
in maximum propagation delay 39.02%, average power con-
sumption 13.4%, and Power Delay Product (PDP) 47.18% as
compared to the Transmission Gate Adder (TGA). The PVT
analysis is conducted to analyse and comprehend the circuit’s
variability in response to environmental and fabrication vari-
ations. The proposed compressor-based 16-bit RCA and the
proposed compressor-based 4-bit VSM utilising the FTGHFA-
21T adder shows 5.41% and 11.92% reduction in PDP compared
to the proposed compressor-based 16-bit RCA and the proposed
compressor-based 4-bit VSM utilising the TGA respectively. At
the nominal supply voltage, the proposed 2s4BSMAC unit using
the suggested adder exhibits a 7.14% enhancement in PDP and
a 7.22% increase in throughput as compared to the TGA-based
design. The simulation is carried out using 18 nm Fin Field Effect
Transistor (FinFET) technology in the Cadence Virtuoso tool at
the nominal supply voltage of 0.8 V with a nominal temperature
of 27°C.

Index Terms—Fin Field Effect Transistor (FinFET), Multiply
and Accumulate Unit (MAC), Ripple Carry Adder (RCA), Vedic
Signed Multiplier (VSM), Transmission Gate (TG), Transmission
Gate Adder (TGA), Power-Delay-Product (PDP).

I. INTRODUCTION

The Multiply and Accumulate (MAC) unit is a fundamental
building block extensively utilised in various complex signal
processing applications. Its importance lies in enhancing the
efficiency and performance of computational tasks such as
Discrete Fourier Transform (DFT), Fast Fourier Transform
(FFT), filtering, convolution, Finite Impulse Response (FIR)
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filters, and more, thereby creating a strong dependency of
the Digital Signal Processor (DSP) on this unit. Given the
pivotal role of the multiplier and adder within the MAC unit,
meticulous design is essential to optimise power and speed in
digital systems [1].

The fundamental components of MAC units consist of a
multiplier and a parallel adder, both of which utilise a 1-
bit adder circuit. There are two types of Full Adder designs:
dynamic and static [2]. Dynamic Full Adders provide faster
performance due to their lower input capacitance but consume
more power because of high clock load and increased leak-
age current, rendering them unsuitable for battery-powered
devices [3]. In contrast, static Full Adders are preferred in
such devices for their lower power consumption. As noted in
reference [4], static Full Adders are more energy-efficient than
dynamic ones, thereby making them ideal for battery-operated
electronics. The six main types of static Full Adders include
Conventional CMOS (CCMOS) style, Pass Transistor Logic
(PTL) style, Complementary Pass Transistor Logic (CPL)
style, Gate Diffusion Input (GDI) style, Transmission Gate
(TG) style, and Hybrid style.

The conventional CMOS (CCMOS) style utilises two com-
plementary networks: a PMOS pull-up network and an NMOS
pull-down network. Its key advantage is resilience to voltage
scaling, allowing it to maintain robustness. Additionally, it
features short rise and fall times, enabling high-frequency
operation. However, the increased input capacitance in CMOS
logic can hinder Full Adder performance when cascaded. To
address this issue, Pass Transistor Logic (PTL) is used to
reduce the number of transistors in Full Adder designs, thereby
minimising power dissipation. Despite this advantage, PTL-
based Full Adders have limited driving capabilities and suffer
from threshold voltage drops, making them unsuitable for
chain and tree structures [3, 5, 6].

The Complementary Pass-Transistor Logic (CPL) style
utilises two independent NMOS networks, which contribute
to its full-swing operation and strong driving capability, as
noted in reference [3]. However, this approach increases the
number of internal nodes, resulting in higher power dissipa-
tion. Additionally, the design’s larger transistor count requires
more silicon area and leads to a more complex layout [3].

In contrast, the Transmission Gate (TG) logic style, a varia-
tion of pass-transistor (PT) logic, utilises parallel combinations
of NMOS and PMOS transistors. To alleviate the threshold
voltage drop typically associated with PT logic, additional
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NMOS or PMOS transistors are integrated into Full Adder
designs using this style. The key advantage of TG logic is
its ability to achieve full-swing output while reducing power
dissipation. However, its driving capability in chain or tree
structures is limited [7, 8].

According to references [9, 10, 11, 12], the GDI logic style
has several advantages, including lower power consumption,
higher speed, and fewer transistors. However, it is subject
to a threshold voltage drop issue, which limits its ability
to achieve full-swing output. The hybrid CMOS logic style
utilises the strengths of several static CMOS design approaches
to minimise the number of transistors used while maintaining
satisfactory driving capacity and speed, as explained in refer-
ences [2, 3].

The rest of the paper is organised as follows: Section II
provides details of the proposed compressor technique-based
16-bit RCA adder, which utilises a proposed 1-bit hybrid
adder. Section III covers a proposed compressor technique-
based 4-bit Vedic Signed Multiplier (VSM) that employs the
classical Urdhva Tiryakbhayam (UT) algorithm. Section IV
explains the proposed 2-stage pipelined 4-bit signed Multiply
and Accumulate (MAC) (2s4BSMAC) unit architecture. Sec-
tion V presents simulation results using the testbench setup.
Finally, Section VI provides a summary of the findings.

II. PROPOSED COMPRESSOR BASED RIPPLE CARRY
ADDER (RCA) STRUCTURE USING FULL ADDER

(FTGHFA-21T)
This section presents the proposed compressor-based

RCA structure that incorporates the proposed full-swing,
low-voltage, and low-power 21-transistor-based FinFET-
Transmission Gate Hybrid Full Adder (FTGHFA-21T).
The adder under review comprises four modules: an 11T
XOR/XNOR gate, an inverter, a summing module, and a carry-
out (Cout) module. Figure 1 illustrates the architecture of the
proposed adder, which utilises 21 transistors and consists of
four modules. The first module is an 11T-based XOR/XNOR
gate, followed by an inverter (Module 2) and Transmission
Gate (TG) multiplexers (Modules 3 and 4). Module 2 generates
the complement of the input carry, which is used by Module
3.

The operation of Module 1, the 11-transistor XOR-XNOR
gate, is described for different input combinations as follows:

(1) Input Pattern AB = 00: In this scenario, transistors P1,
P5, P6, and N2 are ON, while the remaining transistors are
in the subthreshold region, effectively OFF. A strong logic
’1’ is transmitted through transistor P1, turning on transistor
N2, which passes a strong logic ’0’ at the A ⊕ B output.
Concurrently, the ON states of transistors P5 and P6 result in
a strong logic ’1’ at the A ⊙ B output.

(2) Input Pattern AB = 01: With inputs AB = 01, transistors
P3, N1, and N5 are in the ON state, operating in the linear
region, while the remaining transistors remain OFF. The ON
condition of transistor P3 ensures that the A ⊕ B output is set
to a strong logic ’1’. Simultaneously, the ON state of transistor
N5 leads to a strong logic ’0’ at the A ⊙ B output.

(3) Input Pattern AB = 10: For AB = 10, transistors P1, P2,
P6, and N4 are ON, with all other transistors OFF. Transistor

Fig. 1: The Proposed Full Adder Architecture (FTGHFA-21T)

P2, functioning as part of the transmission gate, passes a strong
logic ’1’ at the A ⊕ B output, while the ON state of transistor
N4 drives a strong logic ’0’ at the A ⊙ B output.

(4) Input Pattern AB = 11: When AB = 11, transistors P4,
N1, and N3 are activated, while the others are OFF. Transistor
N1 transmits a strong logic ’0’ to the source of transistor N3,
resulting in an A ⊕ B output of logic ’0’. At the same time,
transistor P4 passes a strong logic ’1’, producing an A ⊙
output of logic ’1’.

The logical expressions for Sum and Cout for the proposed
adder are provided in Equations 1 and 2, respectively.

Sum = (A⊕B) · C
′

in + (A⊙B) · Cin (1)

Cout = (A⊕B) · Cin + (A⊙B) ·B (2)

By multiplexing the input selection line Cin through XOR
and XNOR gates. Similarly, the Cout output is obtained by
multiplexing input B and Cin, with the XNOR signal serving
as the selection line.

Certain Transmission Gate Hybrid Full-adder designs in
the literature experience inadequate driving strength when
implemented in chain and tree architectures. This limitation
arises primarily due to the increased load on the input carry
of the least significant bit (LSB) Full Adder [4]. The proposed
compressor-based Ripple Carry Adder (RCA) structure ad-
dresses this issue effectively by reducing the load on the input
carry. This is accomplished by breaking the carry propagation
path without the need for extra buffers, thereby improving
driving strength.

Two architectures have been proposed for this compressor-
based scheme: Full Adder Type 0-1 (FA Type 0-1) and Full
Adder Type 1-0 (FA Type 1-0). The FA Type 0-1 generates an
inverted output carry (Cout), while the FA Type 1-0 receives
an inverted carry (Cin) as input. The FA Type 0-1 architecture
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of the FTGHFA-21T design is shown in Fig. 2, and the FA
Type 1-0 architecture of the FTGHFA-21T design is shown in
Fig. 3.

Fig. 2: Full Adder Type 0-1 of FTGHFA-21T

Fig. 3: Full Adder Type 1-0 of FTGHFA-21T

Equation 3 gives the logical equation for Sum, and equation
4 gives the logical equation for Cout in the FA Type 0-1
architecture. Equation 5 provides the logical equation for Sum,
and Equation 6 provides the logical equation for Cout in the
FA Type 1-0 architecture.

Sum = (A⊕B) · C
′

in + (A⊙B) · Cin (3)

Cout = (A⊕B) · C
′

in + (A⊙B) ·B
′

(4)

Sum = (A⊕B) · Cin + (A⊙B) · C
′

in (5)

Cout = (A⊕B) · C
′

in + (A⊙B) ·B (6)

Figure 4 depicts the proposed 16-bit RCA structure based
on the compressor technique. Buffers have been added to all
inputs to simulate realistic input signals. Likewise, buffers are
used on all outputs to emulate realistic load conditions.

III. PROPOSED COMPRESSOR TECHNIQUE-BASED 4-BIT
VEDIC SIGNED MULTIPLIER(VSM)

Vedic mathematics is an ancient Indian mathematical system
that emphasises using Vedic equations and their applications
across various mathematical domains. Through his extensive
study of the Vedas, Sri Bharati Krishna Tirtha revived Vedic
mathematics by drawing upon ancient Indian texts. His work
on the Atharva Veda culminated in the formulation of 16 sutras
and 16 upa-sutras. Among these, the Urdhva Tiryakbhayam
sutra is recognised as the most efficient for computational use.

Vedic mathematics is renowned for its elegance, as it
simplifies complex computations that would typically be more
cumbersome using conventional mathematical methods. The
underlying Vedic equations are thought to align with the
fundamental principles of human cognition, contributing to
their computational efficiency. This efficiency translates into
faster multiplication operations in digital signal processing
(DSP) blocks. The powerful algorithms, derived from Vedic
mathematics, have proven to be highly applicable across
various engineering disciplines, as demonstrated in studies
[13, 14].

The Urdhva Tiryakbhayam (UT) algorithm performs
unsigned Vedic multiplication, generating the partial
products through vertical and crosswise operations
[15, 16, 17, 18, 19, 20]. Figure 5 depicts the vertical and
crosswise operations of the UT Vedic multiplication
algorithm.

Equations 7a through 7h represent the partial products
generated by the UT algorithm during the 4-bit unsigned Vedic
multiplication procedure.

P0 = (X0 · Y0) (7a)
P1 = (X1 · Y0) + (X0 · Y1) (7b)
P2 = (X2 · Y0) + (X1 · Y1) + (X0 · Y2) + Carry of P1 (7c)
P3 = (X3 · Y0) + (X2 · Y1) + (X1 · Y2) + (X0 · Y3)

+ Carry of P2 (7d)
P4 = (X3 · Y1) + (X2 · Y2) + (X1 · Y3) + Carry of P3 (7e)
P5 = (X3 · Y2) + (X2 · Y3) + Carry of P4 (7f)
P6 = (X3 · Y3) + Carry of P5 (7g)
P7 = Carry of P6 (7h)
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Fig. 4: Proposed Compressor technique-based 16-bit RCA structure

Fig. 5: Urdhva Tiryakbhayam Vedic Multiplication Algorithm

This paper proposes a modification of the UT algorithm
for Vedic Signed Multiplication, resulting in the generation of
partial products shown in equations 8a through 8h.

P0 = X0 · Y0 (8a)
P1 = (X1 · Y0) + (X0 · Y1) (8b)
P2 = (X2 · Y0) + (X1 · Y1) + (X0 · Y2) + Carry of P1 (8c)
P3 = (X3 · Y0)

′ + (X2 · Y1) + (X1 · Y2)

+ (X0 · Y3)
′ + Carry of P2 (8d)

P4 = 1 + (X3 · Y1)
′ + (X2 · Y2)

+ (X1 · Y3)
′ + Carry of P3 (8e)

P5 = (X3 · Y2)
′ + (X2 · Y3)

′ + Carry of P4 (8f)
P6 = X3 · Y3 + Carry of P5 (8g)
P7 = 1 + Carry of P6 (8h)

Figure 6 depicts the architecture of the proposed compressor
technique utilising a 4-bit Vedic Signed Multiplier (VSM).

According to [21], the Transmission Gate-based Hybrid
Full Adder suffers from signal degradation when cascaded.
The compressor-based 4-bit VSM structure offers a significant
advantage by producing a full-swing output while reducing
the load on the Cin input of FA type 0-1. This results in
the generation of the P1 signal by interrupting the carry
propagation path without adding buffers at the intermediate
stages, thereby reducing the overall PDP.

IV. PROPOSED COMPRESSOR-TECHNIQUE BASED 2-STAGE
PIPELINE 4-BIT SIGNED MAC UNIT

The architecture of the proposed 2-stage pipelined,
compressor-based 4-bit Signed Multiply and Accumulate
(2s4BSMAC) unit is presented in Figure 7. The MAC unit
consists of five main blocks. The first block uses the proposed
4-bit compressor-based Vedic Signed Multiplier to generate the
partial products. The second block is an 8-bit Parallel Input,
Parallel Output (PIPO) shift register, which stores the partial
products. In the third block, a 16-bit compressor-based Ripple
Carry Adder (RCA) adds partial products and guard bits. The
MAC unit incorporates 8 guard bits to prevent overflow during
addition. The inclusion of guard bits is crucial to prevent data
loss due to overflow, which can occur when executing multiple
consecutive MAC operations with a large accumulated sum
[22].

The MAC unit can preserve precision across multiple op-
erations by incorporating guard bits into the accumulated
sum. The fourth block is a 17-bit Parallel Input, Parallel
Output (PIPO) register, which stores the accumulated sum.
Finally, a saturation unit ensures that the output of the MAC
operation stays within predefined maximum and minimum
limits. This unit is crucial for preventing overflow or underflow
due to the MAC operation. Typically, the saturation unit is
implemented as a simple comparator circuit that compares the
MAC output with the maximum and minimum representable
values. Additionally, the 1-bit storage element, implemented
as a D-flip flop with set and reset functionality, is used to build
the PIPO register, as shown in Fig. 8.

The saturation unit outputs the maximum value if the result
exceeds the upper limit and the minimum value if the result
falls below the lower limit. Positioned between the MAC
unit and the subsequent processing stage, the saturation unit
ensures that the output of the MAC operation always stays
within the representable range, thereby preventing errors due
to overflow or underflow in downstream processing [23]. The
architecture of the saturation unit, shown in Fig. 9, constrains
the output to a range between -128 and 127.

V. RESULTS AND ANALYSIS

This section details the implementation of the 1-bit full
adder (FTGHFA-21T), including the analysis of its process
corner simulation and supply variation simulation. The simu-
lation results of the proposed adder are compared with those
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Fig. 6: Proposed Compressor technique-based 4-bit VSM architecture

Fig. 7: Architecture of Compressor technique-based MAC Unit (2s4BSMAC)

Fig. 8: 1-bit D Flip-flop architecture with set-reset functionality

of state-of-the-art hybrid adders, as reported in the literature.
Additionally, the simulation results and analysis of a 16-bit
compressor-based RCA that utilises the 1-bit adder (FTGHFA-
21T) are included. Simulations of a 4-bit compressor-based
Vedic Signed Multiplier were performed, and the results are

presented. Finally, the simulations and results of a 4-bit Signed
Multiply and Accumulate (MAC) unit with two pipelining
stages are presented and analysed.
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Fig. 9: Saturation Unit of 2s4BSMAC

A. Simulation of the Proposed 1-bit full adder (FTGHFA-21T)

A testbench setup is shown in Fig. 10 to simulate the
full adders. The input signals are generated using buffers,
taking the input capacitances into account, thus providing more
realistic inputs. On the output side, the buffers act as a load
to ensure appropriate loading conditions.

A simulation was conducted using a supply voltage of 0.8
V to evaluate the proposed adder. The transient response of
the FTGHFA-21T design is analysed, and the outcomes are
presented in Figure 11. An input test pattern consisting of 57
transitions was employed to ensure the adder’s performance
and functional accuracy. This comprehensive test pattern was
designed to capture the maximum propagation delay, estimate
power dissipation fairly, and verify the adder’s correct func-
tionality. The test pattern has a rise time and fall time of 1 ps,
a period of 1 ns, and a stop time of 58 ns [24].

Researchers have proposed several hybrid full-adder de-
signs, and their findings are documented in the literature. To
establish a standard framework for comparison, the adders
were simulated using the Cadence Virtuoso tool. The simula-
tions were performed using 18 nm FinFET technology and the
cds ff mpt 1.1 libraries. The proposed adder architecture was
optimised to ensure accurate simulation results by incorporat-
ing low-threshold p1lvt and n1lvt transistors, each featuring

two fins.
The simulation results for various hybrid adder circuits

utilising Transmission Gates with a power supply of 0.8 V are
presented in Table I. In comparison to the other adder circuits
discussed in the document, the proposed adder incorporates
module 1, featuring a low-power, high-speed full-swing 11T
XOR-XNOR gate. This design choice contributes to a reduced
figure of merit (FoM) in terms of the power-delay product
(PDP), highlighting its advantages over other adder circuits.

TABLE I: Simulation results of different 1-bit Full Adder
architectures (Supply voltage = 0.8 V)

Sr. No Adder Transistor
Count

Avge.
Power
(µW)

Max
Delay
(ps)

PDP
(aJ)

1 LPHS22T [4] 22 1.95 86 167.87
2 TGA [6] 20 1.94 123 238.74
3 Kamsani [7] 22 1.97 77 152
4 FTGHFA-21T 21 1.68 75 126.08

Figure 12 presents a comprehensive comparison between the
proposed adder and other leading hybrid full adders, focusing
explicitly on their figure of merit (FoM) in terms of the
power-delay product (PDP) under supply voltage variation. It
is widely recognised that reducing the supply voltage leads
to reduced power consumption; however, it also introduces
increased delay due to the limited current available for charg-
ing and discharging the load capacitance. Remarkably, the
proposed adder demonstrates the lowest FoM and performs
competitively with state-of-the-art adders when the supply
voltage fluctuates from 0.72 V to 0.88 V.

Process corner analysis aims to simulate the minimum and
maximum values of each parameter to account for extreme
scenarios. Process variation leads to significant uncertainties
in circuit performance. To verify the effectiveness of the archi-
tecture, process corner analysis is carried out for the proposed
adder, with results presented in Table II. The proposed adder
demonstrated optimal and comparable results for PDP across
all process corner variations when operating at the nominal
supply voltage.

The layout diagram of the proposed adder is shown in
Fig. 13. By using a reduced number of interconnects and
transistors, the proposed architecture occupies a smaller chip
area than existing designs. The silicon area occupied by the
circuit shown in Fig. is measured as 3.73 µm x 1.42 µm,
further emphasising its space-efficient nature.

Fig. 10: The Simulation test bench setup for 1-bit adders with buffers as load
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TABLE II: Process Corner Analysis results of the 1-bit FTGHFA-21T Architecture (Supply Voltage = 0.8 V)

Sr. No Parameters Process Corner
FF FS SF SS TT

1 Avg. Power
(µW) 2.12 1.8 1.63 1.51 1.68

2 Max. Delay
(ps) 61 76 77 95 75

3 PDP
(aJ) 129.32 136.8 125.51 143.45 126.08

Fig. 11: Transient response for the 1-bit adder (FTGHFA-21T)
at 0.8V power supply

0 . 7 2 0 . 8 0 . 8 8

1 2 0

1 4 0

1 6 0

1 8 0

2 0 0

2 2 0

2 4 0

2 6 0

Po
we

r D
ela

y P
rod

uc
t - 

PD
P(a

J)

S u p p l y  V o l t a g e  ( V )

 L P H S 2 2 T
 T G A
 K a m s a n i
 F T G H F A - 2 1 T

Fig. 12: PDP V/s. Supply Voltage variation for different 1-bit
adder architectures

The post-layout simulation of the FTGHFA-21T architecture
is carried out, and its comparison with the pre-layout simu-
lation is presented in Table III at the nominal supply voltage
for the FTGHFA-21T.

B. Proposed compressor technique based 16-bit RCA

To capture the maximum propagation delay, reasonably
estimate power dissipation, and verify correct functionality,
the proposed 16-bit compressor-based RCA is simulated using

a 0.8 V power supply. The input test pattern from Ref.
[24], which consists of two groups of inputs (primary and
secondary), is used in the simulation. The input signals have
a 1 ps rise time, 1 ps fall time, 10 ns period, and 580 ns stop
time. Figure 14 depicts the transient response of the 16-bit
compressor-based RCA.

Table IV compares the results of various 16-bit RCA
architectures based on compressor techniques, all operating at
a 0.8 V power supply. The results show that the compressor
technique-based 16-bit RCA composed of FTGHFA-21T has
the lowest average power dissipation among all the state-of-
the-art adders, resulting in the lowest PDP.

Fig. 15 presents the simulation results for the effect of
supply voltage variation on the performance of the compressor
technique-based 16-bit RCAs. The results show that, within
the range of supply voltage variation from 0.72 V to 0.88 V,
the 16-bit compressor-based RCA composed of FTGHFA-21T
exhibits the lowest FoM, which is comparable to other 16-bit
compressor technique-based RCAs composed of state-of-the-
art adders.

The proposed adder is utilised in compressor technique-
based 16-bit RCA architectures, and process corner analysis
is performed. The results, presented in Table V, show that the
proposed adder achieves optimal and comparable results for
PDP across all process corner variations when operated at the
nominal supply voltage (0.8 V).

C. The compressor technique-based proposed 4-bit Vedic
Signed Multiplier

The classical Vedic multiplier, designed for unsigned mul-
tiplication, is limited in its application. To address this limita-
tion, a compressor technique-based Vedic Signed Multiplier is
proposed and simulated using a 0.8 V supply voltage. Correct
functionality is verified using a random input pattern with
1000 samples, a 1 ps rise time, a 1 ps fall time, a 10 ns
period, and a 10000 ns stop time. The transient response
of the proposed 4-bit Vedic Signed Multiplier, based on the
compressor technique, is illustrated in Fig. 16.

To showcase the efficiency of the FTGHFA-21T and com-
pressor technique in Vedic Signed Multiplication, Vedic signed
multipliers employing the conventional adder and the proposed
hybrid adder are simulated, and their results are presented
in Table VI, operating at a 0.8 V power supply voltage.
The simulation results demonstrate that the 4-bit compressor-
based VSM composed of FTGHFA-21T achieves the lowest
power-delay product (PDP) among designs using state-of-the-
art adders.
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Fig. 13: The Layout of the 1-bit FTGHFA-21T Architecture

TABLE III: Pre-Layout V/s. Post-Layout Results of Performance Parameter for 1-bit FTGHFA-21T Architecture (Supply
voltage = 0.8 V)

Sr. No Adder Pre-Layout Simulation Post-Layout Simulation
Avg.

Power
(µW)

Max.
Delay
(ps)

PDP
(aJ)

Avg.
Power
(µW)

Max.
Delay
(ps)

PDP
(aJ) Silicon Area

1 FTGHFA-21T 1.68 75 126.08 3.59 187 671.70 3.73 µm x 1.42 µm

Fig. 14: Transient simulation of compressor technique-based 16-bit RCA

TABLE IV: Performance comparison of compressor
technique-based 16-bit RCA architectures (Supply voltage =
0.8 V)

Sr. No
Compressor

technique-based
16-bit RCA

Transistor
Count

Avge.
Power
(µW)

Max
Delay
(ps)

PDP
(fJ)

1 LPHS22T [4] 352 7.01 1178 8.25
2 TGA [6] 320 6.6 1175 7.76
3 Kamsani [7] 352 7.04 1169 8.22
4 FTGHFA-21T 336 6.16 1192 7.34

The impact of supply voltage variation on the Figure of
Merit (PDP) for the Vedic Signed Multiplier using the hybrid
adder and the proposed hybrid adder (i.e., the proposed Vedic
Signed Multiplier architecture) is analysed and presented in
Fig. 17. The results reveal that the 4-bit compressor-based
VSM incorporating the proposed adder achieves the lowest

TABLE V: Process Corner Analysis results for the compres-
sor technique-based 16-bit RCA composed of FTGHFA-21T
Architecture (Supply voltage = 0.8 V)

Sr. No Parameters Process Corner
FF FS SF SS TT

1 Avg. Power
(µW) 12.38 8 5.32 4.03 6.16

2 Max. Delay
(ps) 964 1198 1194 1520 1192

3 PDP
(fJ) 11.93 9.58 6.53 6.13 7.34

FoM, comparable to state-of-the-art VSMs under supply volt-
age variations ranging from 0.72 V to 0.88 V.

Process corner analysis is performed on the proposed adder-
based 4-bit VSM employing the compressor technique. The
results, presented in Table VII, demonstrate that the VSM
achieves optimal and consistent PDP performance across all
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Fig. 15: PDP V/s. Supply voltage variation for compressor
technique-based different 16-bit RCAs

TABLE VI: Performance comparison of Compressor-
technique based 4-bit Vedic Signed Multiplier using state-of-
arts hybrid adders and proposed hybrid adder (Supply voltage
= 0.8 V)

Sr. No
Compressor

technique-based
4-bit VSM

Transistor
Count

Avge.
Power
(µW)

Max
Delay
(ps)

PDP
(fJ)

1 LPHS22T [4] 370 39.39 653 25.7
2 TGA [6] 344 38.89 659 25.63
3 Kamsani [7] 370 39.36 625 24.6
4 FTGHFA-21T 357 38.75 591 22.9

process corner variations when operated at the nominal supply
voltage.

TABLE VII: Process Corner Analysis results for the compres-
sor technique-based 4-bit VSM composed of FTGHFA-21T
Architecture (Supply voltage = 0.8 V)

Sr. No Parameters Process Corner
FF FS SF SS TT

1 Avg. Power
(µW) 51.2 37.4 41.1 30.5 38.8

2 Max. Delay
(ps) 480 592 596 748 591

3 PDP
(fJ) 24.6 22.2 24.5 22.8 22.9

D. Proposed 4-bit 2-stage pipelined Signed Multiply and
Accumulate (MAC) Unit

The 2-stage pipeline 4-bit Signed Multiply and Accumulate
Unit (2s4BSMAC), designed using the proposed compressor
technique, is simulated with a 0.8V supply voltage. Its func-
tionality is verified using a random input pattern comprising
1000 samples, with a rise time of 1 ps, a fall time of 1 ps, a
period of 2 ns, and a stop time of 2000 ns.

Fig. 18 illustrates the transient response of the proposed 2-
stage pipeline 4-bit Signed Multiply and Accumulate (MAC)
Unit based on the compressor technique.

Table VIII presents the simulation results for various pro-
posed 2-stage pipeline 4-bit Signed Multiply and Accumulate
(MAC) Units employing the compressor technique at a clock
frequency of 500 MHz. The findings indicate that the MAC
Unit incorporating the FTGHFA-21T architecture achieves the
lowest PDP and the highest throughput compared to all state-
of-the-art adder-based MAC Units.

The Figure of Merit (FoM), represented by the Power-
Delay Product (PDP), for MAC units with various architectural
combinations of RCA and VSM is evaluated through simula-
tions at different supply voltages. The results, shown in Fig.
19, demonstrate that the compressor-based 2s4BSMAC unit
incorporating the FTGHFA-21T architecture achieves a lower
FoM, comparable to state-of-the-art 2s4BSMAC units, under
supply voltage variations ranging from 0.72 V to 0.88 V.

Table IX presents the results of the process corner analy-
sis performed on the 2s4BSMAC. The proposed MAC unit
exhibits optimal and consistent PDP performance across all
process corner variations.

VI. CONCLUSION

The proposed 2-stage pipeline 4-bit Signed Multiply and
Accumulate (MAC) unit employs a compressor-based Vedic
Signed Multiplier (VSM) and an RCA. The hybrid 1-bit full
adder (FTGHFA-21T) is utilised in the RCA and VSM units,
offering full swing, low power, and high-speed performance.
The proposed adder features Type 0-1 and Type 1-0 structures,
which use transmission gate-based multiplexers to generate
Sum and Cout signals. Simulation results demonstrate a signif-
icant performance improvement in the proposed architecture.
Integrating the FTGHFA-21T adder into the proposed 4-bit
VSM structure results in a notable enhancement in PDP. The
2s4BSMAC unit that incorporates the FTGHFA-21T adder
achieves the best FoM and the highest throughput compared
to other adders. The performance of all adders, the proposed
4-bit VSMs, 16-bit RCAs, and 2s4BSMACs is evaluated
under ±10% nominal supply voltage variation. The proposed
compressor-based 16-bit RCA and 4-bit VSM structures ef-
fectively address the driving limitations of transmission gates
without requiring buffers at intermediate stages.
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Fig. 16: Transient Simulation of Compressor technique-based 4-bit VSM architecture

TABLE VIII: Performance parameters of MAC units with various architectural combinations of RCA and VSM (Supply voltage
= 0.8 V)

Sr. No.

Compressor
technique

based 4-bit
Signed MAC Unit

Transistor
Count

Avg.
Power
(µW)

Delay
(VSM)

(ps)

Delay
(RCA)

(ps)

Delay
(Sat.
Unit)
(ps)

Max.
Delay
(ps)

PDP
(fJ)

Throughput
(bits/sec)

1 LPHS22T VSM +
LPHS22T RCA 1813 112.7 643 590 433 643 72.47 3.88*1017

2 TGA VSM +
TGA RCA 1755 109.7 649 609 353 649 71.2 3.85*1017

3 Kamsani VSM +
Kamsani RCA 1813 111.8 608 593 389 608 67.97 4.11*1017

4 FTGHFA-21T VSM +
FTGHFA-21T RCA 1784 110 582 601 396 601 66.11 4.15*1017

Throughput (bits/sec) = Fclk / (Max delay * number of pipeline stages)

0 . 7 2 0 . 8 0 . 8 8
1 8

2 0

2 2

2 4

2 6

2 8

3 0

Po
we

r D
ela

y P
rod

uc
t - 

PD
P (

fJ)

S u p p l y  V o l t a g e  ( V )

 L P H S 2 2 T
 T G A
 K a m s a n i
 F T G H F A - 2 1 T

Fig. 17: PDP vs. Supply Voltage Variation for 4-Bit VSMs
Based on Compressor Techniques

Fig. 18: Simulation Results of proposed compressor-technique
based 2s4BSMAC unit
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