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Abstract: We present a new counter-based Wallace-tree (CBW) 8×8 multiplier. The multiplier’s counters are implemented with
a new hybrid full adder (FA) cell, which is based on the transmission gate (TG) technique. The proposed FA, TG-based AND
gate, and hybrid half adder (HA) generate M:3 (4⩽M⩽7) digital counters with the ability to save at least 50% area occupation.
Simulations by 90 nm technology prove the superiority of the proposed FA and digital counters under different conditions over the
state-of-the-art designs. By using the proposed cells, the CBW multiplier exhibits high driving capability, low power consumption,
and high speed. The CBW multiplier has a 0.0147 mm2 die area in a pad. The post-layout extraction proves the accuracy of
experimental implementation. An image blending mechanism is proposed, in which a direct interface between MATLAB and
HSPICE is used to evaluate the presented CBW multiplier in image processing applications. The peak signal-to-noise ratio
(PSNR) and structural similarity index metric (SSIM) are calculated as image quality parameters, and the results confirm that the
presented CBW multiplier can be used as an alternative to designs in the literature.
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1 Introduction

The multiplier is an important block in digital
signal processors (DSPs), central processing units
(CPUs), multimedia applications (Kumar and Sharma,
2016; Fathi et al., 2020), as well as image processing
where there is a focus on sharpening and smoothing
(Momeni et al., 2015). Different types of multipliers
are necessary for larger systems like discrete cosine
transform (DCT) and the sum of absolute difference
(SAD). The structure of a three-stage multiplier consists

of partial product (PP), partial product reduction tree
(PPRT), and final addition. Depending on the input
data, the PP size varies and commonly is implemented
using two-input AND gates (Luo and Liu, 2017; Fathi
et al., 2020; Jain and Pandey, 2021). However, tech‐
niques such as modified booth encoding (MBE) can
also be used in this stage. It reduces the area, but
causes problems in the next stages. Nevertheless, the
higher the number of conventional AND gates in PP,
the higher the accuracy of outputs by multipliers that
can be obtained (Jain and Pandey, 2021). The conven‐
tional and standard way of employing PPRT is using
full adders (FAs) as an array formation. FAs show high
propagation latency in cascaded structures, and they
have been used less in recent years in the PPRT stage.
Hence, low area occupation and low power dissipa‐
tion of the used gates in this stage are the subjects that
designers consider (Ranasinghe and Gerez, 2020).
The performance of the gates in the PPRT stage can
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determine the performance of the whole system (Fathi
et al., 2020). To overcome the challenge of using FAs,
digital compressors and counters have been suggested
(Kumar and Sharma, 2016; Fathi et al., 2020). Extra
data compression may cause output errors, which
will jeopardize the performance of the entire system
(Tripathi et al., 2013). Therefore, in multipliers, hav‐
ing a PPRT stage with the minimum output error and
highest circuitry performance is of considerable inte‑
rest. Finally, by applying ripple carry adders (RCAs)
as the final addition stage after the PPRT stage, com‐
plexity is reduced (Fathi et al., 2020).

In this study, we present new structures for digi‐
tal counters based on a new hybrid FA cell. The coun‐
ters are 4:3, 5:3, 6:3, and 7:3, which are used for the
implementation of a conventional 8-bit×8-bit counter-
based Wallace-tree (CBW) multiplier. Also, a new
structure as a multiplier is presented, in which the
benefits of an appropriate combination of digital coun‐
ters, FAs, and half adders (HAs) in the PPRT stage
are exploited. Here, area occupation is significantly
reduced to achieve lower power consumption than the
conventional CBW. The proposed hybrid FA cell is
based on the transmission gate (TG) technique and
is low-power, high-speed, full-swing, and tolerant
to different circumstances such as process-voltage-
temperature (PVT) variations. These advantages make
the proposed FA an efficient cell for implementa‐
tion in the counters. In addition, in the proposed mul‐
tiplier, the PP stage is implemented by the TG-based
AND gate.

2 Literature review of full adders and counters

2.1 Full adders

FAs have three inputs, A, B, and Cin (input
carry), and two outputs, Sum and Cout. Power and area
reduction is the challenge of FA designers. Fig. 1
(Taheri et al., 2016; Amini-Valashani et al., 2018;

Sadeghi et al., 2020) shows two common schemes of
FA implementation. In Fig. 1a, XOR-XNOR and two
multiplexers (MUXs) produce the required outputs.
Naseri and Timarchi (2018) and Safaei Mehrabani
and Eshghi (2016) proposed their designs based on
Fig. 1a. Double-pass logic (DPL) FAs with 28 transis‐
tors (Aguirre-Hernandez and Linares-Aranda, 2011) are
reconfigured based on Fig. 1b, using XOR-XNOR
and AND-OR gates at the first stage. The MUXs use
the resulting signals of the first stages to control the
Sum and Cout. This structure has high power and low
speed while occupying a large area. Some structures
of FAs, like complementary CMOS (C-CMOS) (Chang
et al., 2004), transmission function adder (TFA)
(Zhuang and Wu, 1992), and transmission gate adder
(TGA) (Weste and Eshraghian, 1993; Hasan et al.,
2020), suffer from high power and high delay be‐
cause of an inappropriate established trade-off among
critical design parameters.

This study deals with a new hybrid 18-transistor
FA cell with a proper trade-off among circuit parame‐
ters. The techniques used here help approach a low-
power, high-speed cell that has a suitable number of
transistors and high driving capability for compli‐
cated structures like multipliers.

2.2 M:3 (4⩽M⩽7) counters

The benefits of digital counters with 4 to 7 input
bits in an 8×8 Wallace-tree multiplier are considered.
Digital counters count the number of 1’s from the in‐
puts. As discussed in the literature, a popular 4:3
counter design is to use an FA and two HAs in series.
Unlike those designs, in this study M:3 (4⩽M⩽7)
counters are implemented by a new FA. A compre‐
hensive comparison validates the efficiency of the
proposed designs in terms of power and delay. The
simplicity of the proposed cells gives a small-area
design without considerable loss of information along
with output swings.
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Fig. 1 Different structures of full adders: (a) 3-module based on hybrid design; (b) 4-module based on Aguirre-Hernandez
and Linares-Aranda (2011)’s logic
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3 Proposed circuits

3.1 Proposed hybrid full adder cell

A new hybrid FA with 18 transistors is pro‐
posed based on three modules (Fig. 2). A TG-based
XOR-XNOR is the first module (Module-1) with 9
transistors. The XOR gate has low power since its
outputs at different states are produced by specific
transistors. When AB=00, only M5 is ON and B is
transferred to the output by this NMOS, which can
pass 0 appropriately. When AB=01 and AB=10, M3
and M4 are ON, but their influence on the output is
negligible. In these two states, the PMOS transistors
of M1 and M2 are sufficient to produce the output of
XOR.

Finally, at the ON state of M3 and M4, when AB=
11, the inverted A is passed to the output. Therefore,
the non-synchronous operation of transistors results in
a low-power and high-speed XOR. Also, the higher
the toggles of the transistors, the higher the power
consumed; thus, the XOR of the proposed FA has
very low power. In digital circuits, the power con‐
sumption is affected by the current drawn from the
power supply (VDD). Dynamic power, includes a short-
circuit power that results when both the pull-up

and pull-down networks are partially ON. Switch‐
ing power is consumed by delivering energy to charge

a load capacitance and dumping this energy to the

ground (GND). The short-circuit power is strongly sen‐

sitive to the ratio of V=Vth/VDD (Vth is threshold volt‐

age). Therefore, a lack of VDD and GND can reduce

static power (short-circuit power) to nearly zero. This

benefit is observed in the used XOR.

The dynamic power and short-circuit power can

be expressed as follows:

Pdynamic = CLV
2

DD fswitching, (1)

Pshort -circuit = IVDD
VDD, (2)

where CL and VDD are the load capacitance and power

supply respectively, fswitching is the operating frequency,

and IVDD
is the amount of current drawn from the power

supply.

Less presence of VDD and GND (only in the in‐

verter of input A) to produce output in the XOR is

the main difference between this gate and those in

the literature. This greatly reduces the static power of

the circuit because there is a minimum direct path

between VDD and GND, and the desired signals are
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Fig. 2 Proposed hybrid full adder
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produced by the inputs directly. Here, the required
XNOR signal is produced using an inverter after the
XOR. Although it increases the dynamic power of the
whole circuit, some advantages are obtained, including
high driving capability, high speed, and small area.

Novel in the proposed FA cell is that Module-2
consists of 6 transistors, M6 and M7 are TG-based
with XOR and XNOR input signals, and Cin is the se‐
lector to generate the Sum. When XOR and XNOR
are 0 and 1, respectively, the Sum output swing is not
sufficiently strong. In this case, two NMOS (M10
and M11) and two PMOS (M8 and M9) are used in
series to speed up the transition of the Sum produc‐
tion. Like M3 and M4 in the XOR gate, M8 and M9
are activated when necessary. To evaluate the perfor‐
mance of Module-2 in terms of the ON/OFF states of
transistors, the Cin state should be considered. When
Cin=0 and X=0 (X̄=1), M8=M11=OFF, M9 and M10
states are insignificant and Sum is equal to Cin

through M6 and M7. On the other hand, when Cin=0
and X=1, M8 and M9 are ON and other transistors
have no impact on the output; then Sum=X. This
state produces the high logic states (1) of Sum with
high driving capability, since M8 and M9 are both
PMOS transistors. Conversely, when Cin=1, if X=0,
the Sum is equal to Cin (through M6 and M7); if X=
0, then Sum=X̄ (through M10 and M11). Here, the
low logic of Sum (0) has a strong swing because
M10 and M11 are NMOS transistors.

Another advantage of using series transistors is
strengthening the driving capability of the Sum when
the FA is used in structures like multipliers where the
high impedance of outputs will be avoided. Here the
strong 0 and 1 can be obtained. Module-2 seems to
have high power consumption despite the mentioned
advantages of series transistors. To solve this prob‐
lem, instead of using VDD and GND in pull-up and
pull-down networks, the XOR-XNOR signals are
used mainly in the transistors to produce the desired
signals. Therefore, the lack of presence of VDD and
GND in the circuit can be considered as one of the ef‐
forts to decrease power consumption. In the pro‐
posed circuit, except for the inverters, VDD and GND
are not connected to the drain/source of the transis‐
tors. This technique is known as the floating design
method (Shiri Asmangerdi et al., 2012), where inter‐
nal nodes are not directly connected to the GND and

VDD, while the essential signals for the outputs are the
main input signals (A, B, and Cin). In addition, by
using this technique, it is possible to increase the
number of transistors to achieve higher driving capa‐
bility, while the power and delay are maintained in
an appropriate range. The proposed circuit ’ s mo‑
dule, especially the XOR-XNOR cell, as the main
module of the FA, uses this technique, so the dynamic
power is decreased significantly. In this module, the
number of NMOS transistors is greater than the num‐
ber of PMOS transistors, so the need for using power
supply in the pull-up and pull-down network is mini‐
mized. Consequently, the XOR-XNOR module has a
high driving capability and low power consumption.
So, the power again will be reduced while the speed of
the signal transition is improved. By extracting the
Boolean function of Module-2, it is illustrated that M6
to M11 are working as an MUX with Cin as its selector:

Sum = ( )- -- ----- --
A⊕B C in + ( A⊕B) ------

C in . (3)

On the other hand, only a gate-diffusion input
(GDI) gate composed of M12 and M14 is used as
Module-3. However, M13 as a single-swing restora‐
tion (SSR) transistor is added to Module-3 to resolve
the Cout failure when its voltage suffers from Vth drop,
one of the main defects of the GDI concept. Cout,
based on Eq. (4), is now sufficiently strong, especially
for being employed in cascaded structures as RCAs.

Cout = ( )- -- ----- --
A⊕B A + ( )A⊕B C in. (4)

In the proposed FA, the TG technique is used to
generate XOR and Sum, while the GDI technique is
applied to generate Cout. Also, the use of relevant tran‐
sistors, such as M3–M5, M8–M11, and M13, for out‐
put voltage enhancement in XOR, MUX, and Cout, re‐
spectively, without significant impact on the delay of
critical paths, can lower the power and maintain high
speed simultaneously. Finally, the use of series pull-up
and pull-down networks with series transistor struc‐
tures in the XOR and MUX reduces the total load
capacitance of the circuit. Lowering the total capaci‐
tance and raising the voltage swing on the outputs of
the proposed FA, with the lack of direct paths of VDD

and GND on the final stages, can increase the driv‐
ing capability and noise immunity, and save power.
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This makes this cell appropriate for implementation
in more sophisticated structures.

3.2 Proposed hybrid half adder

Fig. 3 shows the presented hybrid HA for the
implementation of digital counters and consequently
the multiplier. The HA consists of two gates, AND and
XOR. The XOR is based on the one used in the FA cell
while the AND is proposed based on the TG technique.
The novelty of the HA is related to the AND gate.

Unlike previous types of TG-based AND gates,
in the proposed cell the inputs and number of inver‑
ters are different. Here, input B activates transistors,
and input A is passed to the output only when M1
and M2 are activated. Moreover, because of the cir‐
cumstances of input B, an inverter for inverting input
A is unnecessary. Thus, area and power are inher‐
ently saved. Also, the proposed AND is not working
with four transistors (M1–M4) in the same state, but
only one of the pair transistors (M1, M2) and (M3,
M4) is active in the same state, producing the output.
Based on a unique feature of the ON/OFF state of the
TGs, the equivalent resistance of the path in the pro‐
posed AND is halved (Fathi et al., 2020; Tiru‐
pathireddy et al., 2021). This helps make data trans‐
mission faster than those in other methods like using
CMOS and conventional TG-based ANDs, especially
when the transistor sizing issues are in question.

3.3 M:3 (4⩽M⩽7) counter implementations

By using the proposed FA and HA cells, differ‐
ent counters are implemented as shown in Fig. 4. FA
circuits, also known as 3:2 counters, are the basis for
a larger counter circuit structure. Using the proposed
FA circuit, different counter cells with different dimen‐
sions are implemented. On the other hand, using HA as

a 2:2 counter is necessary to achieve the mentioned
goal. Different counters with different dimensions
are offered in the literature (Veeramachaneni et al.,
2007; Fritz et al., 2017; Saha et al., 2018), and are
considered in this paper. We aim to show that by con‐
sidering the conventional structure of counters, like
those which use FA and HA, counter circuits with
different dimensions can be achieved with much
better performance in terms of power, delay, power-
delay-product (PDP), and occupied area. Here, the
main aim is to implement circuits with the minimum
area while other trade-offs for the design parameters
are being established and considered very carefully.
The proposed FA and HA cells have the capability of
producing full-swing outputs. Generally, counters
are used to count the number of 1’s of the inputs as
shown in Table 1.

Fig. 4a shows that the 4:3 counter consists of an
FA and two HAs, whose outputs are generated based
on Eqs. (5)–(7). The HAs generate the outputs.

Sum = X1⊕[ ]( )- -- -- ----- --
X4⊕X3 X2 + ( )X4⊕X3

-
X2 , (5)

Cout1 = [ (- -- -- ----- --
X4⊕X3 ) X4 + ( X4⊕X3 ) X2 ]

⊕{ }X1[ ]( )- -- -- ----- --
X4⊕X3 X2 + ( )X4⊕X3

-
X2 , (6)

Cout2 = [ (- -- -- ----- --
X4⊕X3 ) X4 + ( X4⊕X3 ) X2 ]

·{ }X1[ ]( )- -- -- ----- --
X4⊕X3 X2 + ( )X4⊕X3

-
X2 . (7)

Two carry outputs (Cout1 and Cout2) are generated
by the second HA, while the Sum is produced by the
first one. Also, because of the use of capable HAs, it
is expected that the 4:3 counter will have full-swing
outputs. Unlike the 4:3 counter, in Fig. 4b the 5:3
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counter uses two FAs and an HA. Here, the MUX is
used to generate Sum with a high driving capability
because of the series pull-up and pull-down net‐
works. The 4:3 and 5:3 counters have 44 and 49
transistors, respectively. The proposed structures of
6:3 and 7:3 counters are shown in Figs. 4c and 4d,
respectively. They have 67 and 72 transistors respec‐
tively, and compared to their counterparts, the pro‐
posed cells benefit from a significant reduction in
the number of transistors, which in turn leads to the
reduction of power consumption. The proposed 6:3
counter contains three FAs and an HA, while the 7:3
counter is composed of only FAs. Having counter
cells with the minimum area plays a very important
role in the implementation of larger circuits such as
multipliers. Hence, the proposed counters using the
proposed FA and HA can achieve the desired impor‐
tant goal. This paper investigates the conventional
structure of different counters based on a new highly
efficient FA and HA. Different types of counters with

different input dimensions are needed for the PPRT
stage of a multiplier. The largest counter that can be
used in the 8×8 multiplier structure is the 7:3 coun‐
ter (implemented by FAs), while the smallest is the
2:2 one, which is implemented by the HAs.

3.4 Conventional and proposed counter-based
Wallace-tree multipliers

The effectiveness of the proposed FA and coun‐
ters is evaluated by 8×8 CBW multipliers under two
conditions. In these multipliers, inputs are A7 to A0

and B7 to B0 as 8-bit multiplicand and multiplier in‐
puts, respectively. These produce P0 to P15 outputs.
Fig. 5a shows the conventional structure of the 8×8
CBW multiplier. Here, the PP stage is formed using
the explained 2-input TG-based AND, which has a
considerable driving capability. Sixty-four ANDs
are used for the first stage. In the second stage, coun‐
ters of different sizes along with FAs and HAs are
used for the PPRT. This stage is shortened until two
rows remain, and then the final addition is performed
by the RCA, which is constructed by the proposed
FA and HA. Although different counters are used to
reduce the complexity of the multiplier, it still suffers
from a high number of transistors, 1711.

Thus, a new structure is proposed, as shown
in Fig. 5b, similar to the conventional structure, but
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Table 1 Simplified truth table of a 4:3 counter

∑1 in inputs

0
1
2
3
4
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0
0
0
0
1
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0
0
1
1
0
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0
1
0
1
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the PPRT stage is different. In the PPRT stage, instead
of using 4:3 and 5:3 counters, FAs and HAs are used
to reduce the number of transistors and power con‐
sumption. On the other hand, this technique may
increase the delay of data transfer. However, power
reduction can overcome this shortcoming and save
energy and area. It is expected that the conventional
structure will have higher power than the proposed
configuration, because it uses a lower number of FAs
in the PPRT stage and makes extra use of the 4:3
counter. For the PPRT stage of the proposed struc‐
ture, the 4:3 counter is changed to an FA series with
an HA, so the 44 transistors of the counter are re‐
duced to 31, which also influences the total transistor
reduction in the next levels.

3.5 Physical comparison between the conventional
and proposed multipliers

Table 2 shows the comparison of gates used
between the conventional and proposed CBW multi‐
pliers (Wallace, 1964). The PP stage is composed of
N2 AND gates, where N is the number of input bits. It
results in 64 ANDs. Conventional and proposed con‐
figurations use 27 and 24 HAs, respectively. The us‐
age of 6:3 and 7:3 counters is similar.

The proposed multiplier with 31 FAs and with‐
out 4:3 or 5:3 counters has a lower area, while its
total number of gates and total number of PPRT
gates are larger than those in the conventional design.
By removing 4:3 and 5:3 counters in the proposed

cell and adding more FAs, the proposed structure has
125 transistors fewer than the conventional structure.
This reduction lowers the power and increases the
speed. The fact is that using higher-order compres‐
sion circuits such as 6:3 and 7:3 counters causes a
higher speed and more ability to reduce area com‐
pared to the case where 4:3 and 5:2 counters are used
(Momeni et al., 2015). Therefore, in the proposed
multiplier, especially on critical path delay, it is pre‐
ferred to use FAs, and 5:3 and 6:3 counters instead of
4:3 and 5:3 ones. By choosing the proper combination
of counters and FAs, the critical paths are reduced.

4 Simulation results and comparison

4.1 Basic simulation results

For a fair comparison, the simulations of all cir‐
cuits are performed using the 90 nm CMOS model,
BSIM4 (level 54) version 4.4 by the HSPICE simula‐
tor according to the conditions of Table 3. Then power,
delay, and PDP are reported. To involve the physical
structure of the circuits, a figure of merit (FoM) as
power-delay-area-product (PDAP) is used. Here, the
proposed cell has lower power and PDP for both Sum
and Cout. The proposed FA has 1.5188 µW power,
which shows 6.17% and 51.05% improvement com‐
pared to the TFA and new non-driving full adder
(NEW-ND-FA), respectively. The PDP-Carry of the
proposed cell is 0.3036 fJ lower than that of HFA-
17T as the second rank cell, which is the best result
among the cited references. The proposed FA with 18
transistors has 57.800 fJ·µm2 as PDAP, which consti‐
tutes 63.79%, and 3.26% improvements over TFA
and HFA-17T with 16 and 17 transistors, respec‐
tively. According to Table 4, the simulations are car‐
ried out at a low frequency of 100 MHz where DC
power consumption (as static power), average dy‐
namic power, worst-case delay, and worst-case PDP
are extracted from 0.5 V to 1.3 V. The proposed cir‐
cuit has the minimum static power (with an average
value of 39.397 nW) compared to other cells during
the considered intervals except for 0.5 V and 1.1 V,
in which HFA-17T shows better results.

Looking at the worst-case delay in Table 4, it
can be seen that the Vth drop in one of the Cout states
causes the delay to be increased. Even so, in this case

Table 2 Comparison of the conventional and proposed 8-bit

multipliers

Parameter

Input size

Number of AND

Number of half adder

Number of full adder

Number of 4:3 counter

Number of 5:3 counter

Number of 6:3 counter

Number of 7:3 counter

Total number of gates

Total number of PPRT gates

Total number of PPRT transistors

Total number of transistors

Conventional

8-bit

64

27

22

3

2

2

3

123

48

1134

1711

Proposed

8-bit

64

24

31

0

0

2

3

124

49

1009

1586
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as well, during 0.5 V and 1.3 V, the proposed cell with
9.128 ns as the average delay has 27.86% lower
speed compared to the hybrid circuit with a 7.139 ns
average delay. Average dynamic power consumption
and worst-case PDP results are shown in Figs. 6a and
6b, respectively. In terms of dynamic power con‐
sumption, the proposed circuit has the lowest rate of
consumption regarding all intended VDD values. Simi‐
larly, regarding the PDP only at 0.7 V, the hybrid FA
has the lowest results, while for the other voltages,

the proposed circuit has the best results. Note that

the problem of threshold voltage drop existing in this

output can be solved by adding an NMOS in parallel

with M14 when low power supply applications are

required for extra reliability.

4.1.1 Full adder cell tolerability evaluation

The tolerance of the FAs is evaluated by the PVT

for different corners of typical-typical (TT), fast-fast

(FF), and slow-slow (SS), along with the Monte Carlo

Table 3 Full adder constant circumstances

Design

HFA-17T (Naseri and Timarchi, 2018)
NEW-ND-FA (Safaei Mehrabani and Eshghi, 2016)
Hybrid (Kandpal et al., 2020)
DPL (Aguirre-Hernandez and Linares-Aranda, 2011)
C-CMOS (Chang et al., 2004)
TFA (Zhuang and Wu, 1992)
TGA (Weste and Eshraghian, 1993)
GDI (Hasan et al., 2020)
Proposed

Power
(µW)

1.6646
3.1028
1.7461
2.3859
2.9201
1.6186
2.0644
3.8783
1.5188

PDP-Sum
(fJ)

3.4098
6.2840
3.5799
4.7995
6.1506
3.3915
4.2439
7.9562
3.1488

PDP-Carry
(fJ)

3.5151
6.6842
3.6891
5.1238
6.3994
9.9766
4.3601

24.1910
3.2115

Number of
transistors

17
24
20
28
28
16
20
18
18

PDAP-Carry
(fJ·μm2)

59.750
160.420

73.780
143.460
179.180
159.620

87.200
435.438

57.800

Bold numbers mean better results. Frequency=250 MHz, temperature=25 ℃, load capacitance=1 fF, VDD=1.2 V, Wn=Wp=120 nm, Ln=Lp=100 nm

Table 4 Static power and delay time extraction versus VDD variation

Design

HFA-17T (Naseri and Timarchi, 2018)

NEW-ND-FA (Safaei Mehrabani and Eshghi, 2016)

Hybrid (Kandpal et al., 2020)

DPL (Aguirre-Hernandez and Linares-Aranda, 2011)

C-CMOS (Chang et al., 2004)

TFA (Zhuang and Wu, 1992)

TGA (Weste and Eshraghian, 1993)

GDI (Hasan et al., 2020)

Proposed

Design

HFA-17T (Naseri and Timarchi, 2018)

NEW-ND-FA (Safaei Mehrabani and Eshghi, 2016)

Hybrid (Kandpal et al., 2020)

DPL (Aguirre-Hernandez and Linares-Aranda, 2011)

C-CMOS (Chang et al., 2004)

TFA (Zhuang and Wu, 1992)

TGA (Weste and Eshraghian, 1993)

GDI (Hasan et al., 2020)

Proposed

Static power (nW)

0.5 V

0.086

48.753

11.237

64.220

103.890

3.959

63.696

117.220

0.440

Worst-case delay time (ns)

0.5 V

15.231

15.205

15.235

15.251

15.403

15.216

15.182

16.631

15.155

0.7 V

19.039

131.450

27.767

150.070

276.550

31.384

117.410

330.340

0.619

0.7 V

15.214

5.191

5.118

5.170

5.218

15.206

15.190

15.522

15.145

0.9 V

41.689

241.750

60.158

272.470

559.270

67.088

233.300

739.670

21.907

0.9 V

5.105

5.169

5.118

5.158

5.214

15.182

15.180

15.320

5.111

1.1 V

64.826

409.850

100.000

458.410

932.170

112.430

400.880

1343.900

69.660

1.1 V

5.111

5.158

5.114

5.151

5.198

15.168

15.167

15.255

5.116

1.3 V

131.160

585.200

140.550

693.690

1447.900

193.220

611.960

2212.100

104.360

1.3 V

5.111

5.151

5.112

5.146

5.188

5.107

5.112

15.225

5.113

Average
(nW)

51.360

283.401

67.942

327.772

663.956

81.616

285.449

948.646

39.397

Average
(ns)

9.154

7.175

7.139

7.175

7.244

13.176

13.166

15.591

9.128

Bold numbers mean better results. Frequency=100 MHz, temperature=25 ℃, load capacitance=1 fF, Wn=Wp=120 nm, Ln=Lp=100 nm
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method (MCM), and the results are shown in
Fig. 7.

Here, the proposed circuit shows the maximum
reliability and minimum sensitivity to considered
variations under three corners. The PDP percentage
of increase in the proposed circuit from TT to FF, TT
to SS, and FF to SS is 34.08%, 51.23%, and 12.79%,
respectively. The HFA-17T and hybrid circuits have
the closest results to the proposed circuit for the
mentioned corners. The outcomes confirm the reli‐
ability and superiority of the proposed FA for imple‐
mentation in more complex circuits like counters and
multipliers.

4.1.2 Counter cells

To investigate the performance of 4:3, 5:3, 6:3,

and 7:3 counters in more critical situations, VDD

variation from 1 V to 1.4 V is applied (Fig. 8). Other

parameters are adjusted as the frequency of 250 MHz,

load capacitance of 1 fF, and the temperature is

25 ℃. Worst-case PDPs are extracted. According to

Fig. 8a, the proposed cell at 1.2 V as the nominal val‐

ue of VDD has a minimum difference compared to that

proposed by Mukherjee and Ghosal (2019), which is

based on the GDI. Due to the low number of transis‐

tors in Mukherjee and Ghosal (2019), this circuit is
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the main competitor to the proposed cell; however, it
has weak and unreliable outputs. Also, the CMOS-
based references have considerable differences from
the proposed cell. Based on the 5:3 counter results
(Fig. 8b), the proposed cell with an average of 245.48 fJ
as the PDP under three considered points experiences
28.34% and 50.16% improvements compared to those
of Chowdhury et al. (2008) and Mehrabi et al. (2013),
with average results of 342.55 fJ and 492.57 fJ,

respectively. A similar situation applies for the 6:3
counters (Fig. 8c). The proposed 6:3 counter con‐
sumes 124.07, 355, and 515.97 fJ at 1, 1.2, and 1.4 V,
respectively. It shows better results than the other
counters. These results show that the use of FAs in
the counter can significantly reduce the number of tran‐
sistors, area, and PDP. Finally, according to Fig. 8d,
the results for the most important type of digital
counter, the 7:3 counter, are extracted with a high
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compression rate along with a small area that can be
chosen to be implemented in the PPRT stage. The re‐
sults of the circuits proposed in this study, Veeramach‐
aneni et al. (2007), and Saha et al. (2018) (design 2)
are close. The proposed cell has better results than
two other cells. The presented circuits show a high
and reliable capability in different voltage conditions
and have stable dynamic power, resulting from the
combination of techniques. The proposed 5:3, 6:3,
and 7:3 counters have the minimum number of tran‐
sistors, while for the 4:3 one, the circuits of Mukher‐
jee and Ghosal (2019) has the minimum number of
transistors, 22.

4.2 Layout considerations

The proposed multiplier structure in a real envi‐
ronment is checked with its layout in a pad with 36
input ports by Cadence Virtuoso based on 90 nm

TSMC technology (Fig. 9). A design rule check
(DRC), layout versus schematic (LVS), and parasitic
extraction (PEX) are performed. Then the layout is
linked with Sonnet for the three-dimensional plot. In
providing the layout, a pad is used with 82.5 µm,
178.5 µm, and 0.0147 mm2 as width, length, and total
die area, respectively. Also, in Fig. 9, the dimensions
of involved circuits in the multiplier including AND,
FA, counters, and HA are provided. The greatest
area occupation is for the 6:3 and 7:3 counters with
197.59 µm2. As shown in Fig. 10, the post-layout sim‐
ulation of the proposed FA at 500 MHz is performed
and the accuracy of the circuit is confirmed.

4.3 8×8 Wallace-tree multiplier results

To compare the conventional and proposed
structures of the multiplier based on the proposed cir‐
cuits, two references, Ref1 and Ref2, which are the
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main competitors for the proposed cells, are selected.
Ref1 and Ref2 are implemented based on Figs. 5a
and 5b, respectively. In both references, for the
implementations of FA, HA, and AND gates, the pro‐
posed cells are used, while the counters are diffe‑
rent. In this regard, the best references for 4:3 to 7:3
counters are selected (Veeramachaneni et al., 2007;
Chowdhury et al., 2008; Fritz and Fam, 2017; Mukher‐
jee and Ghosal, 2019). Simulations are performed and
the results are summarized in Table 5. Here, the pro‐
posed multiplier has the best results of power, delay,
and PDP. Also, the minimum area with 1586 transistors

belongs to the proposed structure. However, the con‐
ventional structure has a better performance than
Ref1 and Ref2.

Normalized-PDAP measurements show the good
effectiveness of the proposed multiplier with 29.79%,
47.61%, and 67% superiority of PDAP over the conven‐
tional structure, Ref2, and Ref1, respectively. Also,
the proposed multiplier has 7.31% (125 transistors),
19.7% (389 transistors), and 24.22% (507 transistors)
improvements in terms of transistor (area) reduction
compared to the conventional one, Ref2, and Ref1, re‐
spectively. The post-layout results of the proposed

Table 5 Simulation results of multipliers

Design

Conventional implementation by proposed cells (Fig. 5a)

Proposed implementation by proposed cells (Fig. 5b)

Ref1 (Fig. 5a)

Ref2 (Fig. 5b)

Proposed implementation by proposed cells (post-layout)

Power (µW)

138.83

108.99

165.70

140.29

210.99

Delay (µs)

5.755

5.525

8.259

6.524

12.510

PDP (pJ)

799.02

602.14

1368.46

915.30

2639.40

#Tran.

1711

1586

2093

1975

1586

Normalized-PDAP (pJ)

0.47

0.33

1

0.63

–

Bold numbers mean better results. #Tran: number of transistors
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multiplier are checked, conformity is proven, and
parameters including power and delay are extracted
based on Table 5. The existing differences of parame‐
ters are due to consideration of the internal and para‐
sitic resistances and capacitances.

5 Image blending

One of the best possible ways for multiplier
circuit assessment is their applications in image
processing, like image blending. So far, several methods
have been proposed for the multiplication of the
image (Momeni et al., 2015; Kumar and Sharma,
2016). Here, the circuit implementation is involved
with each of the pixels, and the operation of the mul‐
tiplier is evaluated by the value of the output bits in
the form of pixels of the output image resulting from
the multiplier. In the realm of using multiplier circuits,
the most important point to be considered is their hard‐
ware implementation (Taheri et al., 2016). Hence, a
new reliable mechanism based on Fig. 11 is presented.

Fig. 12 shows the input and output images of
the proposed image blending mechanism for differ‐
ent circuits. Based on the results of Table 6 on image
quality assessments, the proposed multiplier has the
best peak signal-to-noise ratio (PSNR) and structural
similarity index metric (SSIM). The conventional multi‐
plier with 2.95% and 0.85% lower quality ranks second.

To demonstrate the established trade-off between
multiplier efficiency and quality factors, FoM as
given in Eq. (8) is used (Salmanpour et al., 2021).
The lower the FoM, the better the trade-off that can
be obtained. It can be seen that the proposed circuit
has the lowest FoM, which is 31.67% better than the
conventional one and 57.61% better than the average
of two reference circuits.

FoM =
PDP

( Average PSNR ) ⋅ SSIM
. (8)

Also, using the proposed mechanism it is possible
to analyze the values of the design parameters. Based
on Table 6, the two proposed cells have much better
conditions than the two reference circuits, especially
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the proposed multiplier which has 713.91 µW power
and 177.04 pJ PDP.

6 Conclusions

In this paper, a counter-based Wallace-tree
(CBW) multiplier is illustrated which is reliable and
has small area. Different digital counters have been
implemented based on a new hybrid full adder (FA)
whose main configuration uses the transmission gate
(TG), which saves about 50% area. The proposed FA
with the TG technique and a minimum direct path
from power supplies provides the full-swing output
and a low short-circuit power, while the dynamic
power and delay are much more retained than the
state-of-the-art designs. By implementing the pro‐
posed FA and counters, along with a TG-based AND
gate and hybrid half adder (HA), in the proposed
CBW multiplier, 0.0147 mm2 as the total die area is
attained under 90 nm TSMC technology. The results
under different conditions show advantages such as
low power, small area, and high energy-saving of
the proposed FA, counters, and multiplier. The multi‐
plier has been implemented in digital image processing

for image blending, and the results have confirmed
its efficiency.
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