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Abstract: In recent years, ultra-low-voltage (ULV) operation is gaining more importance for achieving minimum energy
consumption. Full adder is the basic computational arithmetic block in many of the computing and signal/image processing
applications. Here, a new hybrid 1-bit full adder circuit which employs both Gate Diffusion Input (GDI) logic and multi-threshold
voltage (MVT) transistor logic is reported. The main objective of the proposed MVT-GDI-based hybrid full adder design is to
provide minimum energy consumption with less area. The proposed hybrid design is simulated using standard 45 nm CMOS
process technology at an ULV of 0.2 V. The post-layout simulation results have shown that the proposed design achieved
significant improvements in comparison with the other reported designs by achieving >57%, 92% savings in the Energy and
EDP, respectively, with only 14 transistors. Monte—Carlo simulations have also been performed and is found that the proposed
design methodology yields full functionality and robustness against local and global process variations. Normalised energy
metrics to 32 and 22 nm technologies shows that the proposed design achieves >57% energy savings in prior to the recent

works.

1 Introduction

With the advancements in the technology and increase in the usage
of laptops, cellular phones, ipads, Internet of Things (IoT) devices,
and other portable communication systems, there are many
applications requiring high speed, small area, and low power
consumption. So there is a need of circuits with low energy
consumption for the design of system components and application-
specific processors [1]. This demand makes the circuit design
engineers a challenging topic of interest in implementing digital
systems. One of the most efficient solutions for achieving
minimum energy consumption is to operate the digital circuits at
ULV i.e. at near-threshold/sub-threshold voltage of the transistor
[2].
Addition, subtraction, multiplication, and accumulation are the
most common and extensively used arithmetic operations in many
of the very large-scale integration (VLSI) and DSP architectures.
The efficient implementation of these arithmetic operations in
executing standard algorithms like convolution, digital filtering,
and correlation lead to the high-performance DSP's and
application-specific processors [3]. The basic building block used
for implementing these arithmetic operations is the 1-bit full adder
cell. So, enhancing the performance of the full adder cell is
essential to enhance the overall system/architecture performance.
Many full adder designs employing different logic styles and
technologies have been reported in the literature [4-19]. Some
designs are based on single logic style and some other designs use
multiple logic styles (hybrid designs). Although the functionality of
every full adder design is similar but each are having its own
merits and demerits in terms of performance parameters like area,
speed, and power consumption.

1.1 Brief review on existing full adder circuits

Static Complementary Metal-Oxide-Semiconductor (C-CMOS)
full adder design is the most conventional approach [4]. The design
consists of 28 transistors with PMOS pull-up transistors and
NMOS pull-down transistors looks like a regular CMOS structure.
The main advantage of this structure is its robustness against
supply voltage scaling and transistor sizing. It also provides full
swing logic which is essential in designing complex structures. The

IET Circuits Devices Syst., 2019, Vol. 13 Iss. 4, pp. 465-470
© The Institution of Engineering and Technology 2019

drawback in this structure is its high input capacitance and more
area because of employing large PMOS transistors in its structure.
Mirror adder is one of the smart designs which is similar to the
static CMOS full adder design in terms of power consumption and
transistor count but with less carry propagation delay than the C-
CMOS [5].

The Complementary Pass Transistor logic (CPL) full adder is
another conventional design employing 32 transistors [8, 9]. In
pass transistor logic, the source of the pass transistor is connected
to some input signals instead of supply lines as in CMOS. This
adder logic provides good voltage swing restoration but is not an
appropriate choice for low power applications because of its many
intermediate switching nodes and more transistor count. To address
the voltage degradation problem in pass transistor logic,
transmission gate logic full adders are proposed [10, 19]. The
Transmission Function Full Adder (TFA) employing 16 transistors
was proposed by Alioto ef al. [10] and another Transmission Gate
Full Adder (TGA) employing 20 transistors was proposed by
Shams et al. [19]. These adders are based on the transmission
function theory and transmission gates. The transmission gate
structure is formed by the parallel connection of PMOS pass
transistor and NMOS pass transistor. The main advantage in this
transmission gate logic structures is low power consumption but
this logic is not preferable when a TGA or TFA are cascaded in
designing complex structures because of its poor driving capability.

Later, many hybrid full adder works have been published to
reduce the area, delay, and power [11-18]. Vesterbacka [14]
proposed a 14 transistor (14T) hybrid adder but it suffers from pass
logic transistors with none full swing. Another similar hybrid adder
which employs only 10 transistors was proposed in Hung et al.
[13]. Both the 10 transistor (10T) and 14T adders suffer from poor
driving capability. Zhang et al. [11] proposed a Hybrid Pass logic
with Static CMOS output drive full adder (HPSC). It uses the six
transistor pass logic network for generating the XOR and XNOR
functions simultaneously. HPSC full adder produces the full swing
logic but at the cost of more delay and transistor count. Another
adder which uses hybrid logic style is majority-based adder [12]. It
employs only capacitors and static CMOS inverters to generate
majority functions and consumes less power due to its low
transistor count. Tung et al. [16] presented 24 transistors (24T) full
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Fig. 1 Structure of a basic gate diffusion input (GDI) cell with inputs G, P,
and N.
(a) Originally proposed [22], (b)) CMOS compatible [23]

adder based on 3-input XOR design which also uses two different
logic styles — CMOS and pass transistor logic. Another CPL-based
Hybrid Full Adder (FA-Hybrid) was proposed by Goel et al. [15],
which uses a novel XOR/XNOR design employing NMOS
transistors and cross-coupled PMOS transistors to improve speed.
As of using static CMOS inverters at the output, it provides better
driving capability but suffers from more power consumption.

Aguirre et al. [17] proposed two hybrid designs: Swing
Restored Pass transistor Logic Full Adder (SRPL-FA) and Double
Pass transistor Logic Full Adder (DPL-FA). These full adders are
designed using groundless/powerless pass transistors for energy
efficient computation. To obtain the full swing logic PMOS
restoration transistors are used in SRPL-FA where as in DPL-FA
complementary transistors are used. Another hybrid 16 transistor
full adder (16T Hybrid) was proposed by Bhattacharyya et al. [18].
This full adder design was employed using weak inverters in the
sum generation module and strong transmission gates in the carry
module to reduce the PDP. Another full adder design makes use of
full swing GDI-based AND, OR, and XOR gates to provide full
swing outputs [20]. This design requires more number of
transistors because of using swing restoration transistors for all the
individual gates. Recently, a new full adder circuit (10T) was
proposed for ultra-low power (ULP) applications which comprises
of only 10-Transistors [21]. This design lags in providing energy
efficiency and full logic swing, if buffers are not used. However,
most of the hybrid full adder designs show improvement in one of
the performance parameters power, speed, and area but at the
expense of other.

As none of the full adder designs existing in the literature shows
robust operation in providing full logic swing with area and energy
efficient solution at ULV, there is a need for exploring new design
methodologies. This paper presents a new energy efficient full
adder cell designed using the combination of multi-threshold
voltage transistors and GDI technique. The remaining of this paper
is organised as follows. Section 2 gives a brief overview of GDI
approach. Section 3 presents the design approach of the proposed
full adder circuit. Simulation results and performance comparisons
of the proposed design with different existing ones are discussed in
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Section 4. The performance of the 32-bit carry propagation adder is
presented in Section 5, followed by the conclusions in Section 6.

2 Overview of GDI approach

This section gives a brief overview on one of the popular digital
logic techniques in recent times, Gate-Diffusion Input [22].
Number of complex logic functions can be realised using GDI
technique with only two transistors. The GDI logic depends on the
use of a simple cell as shown in Fig. 1. The structure of the cell
resembles the static CMOS inverter but there are some key
differences to note.

* GDI cell comprises of 3-inputs: G-common input to both PMOS
and NMOS, N-input to the source/drain of the NMOS and P-
input to the source/drain of the PMOS.

* Body terminals of both the NMOS and PMOS are arbitrarily
biased in GDI by connecting to the inputs N and P, respectively.

The GDI methodology was originally introduced for fabrication
in Silicon on Insulator (SOI) and twin-well CMOS processes [22].
Later, standard CMOS compatible GDI cell was introduced as
shown in Fig. 2b [23]. It was shown that most of the logic
functions like AND, OR, XOR, and MUX are complex which
require 6—12 transistors to implement using conventional static
CMOS and transmission gate logic, but the same logic functions
can be implemented with only two transistors using GDI cell by
simply changing the inputs. Table 1 shows the logic table for
implementing various boolean functions using GDI and Table 2
shows the transistor count comparison between the GDI and
conventional CMOS implementations of different boolean
functions. F1 and F2 are the two universal logic functions offered
by GDI which can be used to realise other complex functions more
efficiently than the universal NAND and NOR logic gates.

3 Design approach and
proposed full adder circuit

operation of the

This section gives the design of a new energy efficient hybrid full
adder implemented using the MVT-GDI approach. As the authors
are operating the circuit at ULV, the transistors will be in sub-
threshold/weak-inversion region, and the sub-threshold current of a
MOS device is given by the (1) [24].

Igp = Lel(Ves= V1)V €]

where I, is the drain current when Vg = V7 and is given by
w
I, = ,“oCoxT(n - I)Vtzh 2

The parameters V7 is the threshold voltage, V. is the gate to source
voltage, n is the sub-threshold slope factor (n=1+(C,;/C,y)) and
Vin is the thermal voltage (kT/q) of the transistor. From (1), it can
be understood that there will be a significant degradation in the
performance of the sub-threshold CMOS logic circuits due to the
exponential increase in the delay. Although, it was shown that the
sub-threshold and gate leakage components for GDI cell are
significantly less, compared to a static CMOS gate [22] but there
will be a significant impact on the performance of the GDI circuits
because of the poor logic swing caused by the V; drop. In order to
reduce this impact, the transistors in the critical path which has
threshold drop are replaced with low V7 transistors in the proposed
design. However, the use high V7 devices in non-critical paths can
reduce the power consumption, but at ULVs, it may lead to
functionality failure of the design. So, the authors did not prefer
using high V7 cells in the proposed designs in order to improve the
performance which is very critical in sub-threshold operation for
minimising the energy consumption. Transistor sizing also plays a
key role in deciding the performance of the design. Initially, the
sizing of the transistors is done based on the theoretical
background of the full adder circuit design and the CMOS
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Fig. 2 Power and delay variations of the proposed full adder design at
different process corners.
(a) Power, (b) Delay

technology [4]. Subsequently, they were varied in the vicinity of
the previously set values to obtain the best performance in terms of
energy consumption through the simulations. The optimised
transistor sizes of the proposed full adder design are summarised in
Table 3.

The functionality and the structure of the proposed adder design
is explained as follows.

3.1 Proposed hybrid full adder design

In general, the logic functions of a basic 1-bit full adder can be
represented as in (3) and (4)

Sum=(A®B)® C, (3)
Cou=(A-B)+ Cyy - (ADB) “)

The proposed full adder design employs only 14 transistors as
shown in Fig. 3. It mainly consists of five logic blocks designed
using MVT-GDI technique. One XOR/XNOR, two multiplexer's,
one Swing Restored Transmission Gate (SRTG), and the other one
is Swing Restored Pass Transistor (SRPT) block. The XOR/XNOR
block is designed using GDI technique. Since the path of the
inverters used in the XOR/XNOR blocks has no voltage drop, they
are incorporated with standard V; devices. Since the GDI MUX-1,
multiplexes the output of the XOR (A @ B) and the XNOR (A
XNOR B) with a control input (Cj,) to obtain the sum function.
Therefore, the (3) can also be represented as in (5).

Sum = Cjy(A @ B) + Cy(A © B) 4)

The carry output (Cyy) is generated by the GDI MUX-2, which
multiplexes the inputs C;, and B with control line from the output
of XNOR logic (A XNOR B). Therefore, the (4) can also be
represented as in (6).
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Table 1 Implementation of various boolean functions using

GDI cell

N P G Out Function
0 B A AB F1

B 1' A A+B F2

0 1 A A NOT

B ‘0 A AB AND
1’ B A A+B OR

C B A AB+AC MUX

Table 2 Transistor count comparison

Function No. of transistors required
CMOS GDI
F1 6 2
F2 6 2
NOT 2 2
AND 6 2
OR 6 2
XOR 12 4
MUX 12 2

Table 3 Transistor sizes of the proposed design

Transistor name Width, nm Length, nm
M1, M5 240 45
M2, M6 120 45
M3, M7 360 45
M4, M8 120 45
M11 480 45
M9, M10, M12, M13, M14 120 45

GDI XNOR
GDI XOR

Fig. 3 Proposed 14T MVT-GDI hybrid full adder design
Cuul = (A o B)Cin + (A ©® B)B (6)

However, the proposed structure looks similar to many previous
XOR/XNOR logic-based designs and authors’ previous GDI-based
design [25], but none of the previous designs provides full logic
swing with only 14 transistors. In the proposed design, the full
swing is ensured using a SRTG at the output of the sum and
SRPT's at the carry output (C,,). The functionality of this full
adder with respect to states of the transistors is shown in Table 4. It
can be observed that the swing restoration transistors (M11, M12,
M13, M14) are ‘ON’ when there is a V7 drop at the output of the
sum generation GDI MUXI1 and C,, generation GDI MUX-2 to
provide full swing logic. Since there is no V7 drop at the output in
most of the cases as stated in Table 4, the transistors (M11, M12,
M13, M14) are also incorporated with standard V7 transistors.
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4 Results and performance comparisons

This section presents the simulation results and the performance
analysis of the proposed full adders. The simulations are performed
using cadence, 45 nm CMOS technology at an ULV of 0.2 V. The
performance parameters power, delay, energy, Energy Delay
Product (EDP), and layout area obtained from the simulations are
compared with the other designs reported in the literature. The
simulation results of the full adders with their transistor count and
layout area are shown in Table 5. To maintain uniformity in
comparisons, the full adder circuits presented in Table 5 are
operated with a frequency of 20 KHz and at 27°C temperature. For
extracting fair results, no additional buffers are used for any of the
full adder structures. The parameters power, delay, energy, EDP,
and area of the proposed full adders provides significant
improvements and the performance comparison of the full adders
with respect to each parameter is discussed below.

From Table 5, it can be observed that the power consumption of
the CPL design is found to be the maximum because of huge
transistor count which results in more switching activity. This
power consumption caused due to the charging and discharging of
the load capacitance's and can be expressed as in (7)

P = aC Vipf (M
where «a is the switching activity factor, Cy is the load capacitance
and f'is the operational frequency of the circuit. The GDI design is
found to be consumed minimum power because of its less
transistor count. However, the 10T design and GDI design
comprises of the same transistor count, but the GDI design
consumes less power because of its’ less leakage current [22]. The
proposed design lags in terms of power consumption because of
using additional swing restored gates and low V7 devices, which
increases the switching activity and leakage components,
respectively. This cannot be an issue in terms of energy
consumption because of its less delay which is a critical parameter
while operating at ULV.

The delay metric plays a key role in estimating the energy
metric of the circuit while operating at ULV, since the delay
increases exponentially with the supply voltage scaling according
to (8) [2]. The (8) can be expressed as in (9), for strong inversion
operation.

P C.Vbp
dsub = I(]e((VDD - Vr)inVip)

®)

CrVpp

)= —
T Wop— V) ©
As expected, in strong inversion operation, there is no strong
dependency of delay on the Vpp, whereas in sub-threshold region
of operation, the delay is exponentially higher because of the
exponentially decreasing ON-current (/). It is clear from (8),
there will be an exponential roll-off of speed when the circuit
operating at ULV, limiting the range of applications to low or
medium frequencies [2].

The delay is measured for all the input transitions, by taking the
difference between 50% of the input voltage swing and the 50% of
the output voltage swing. As the carry signal (Cy,) in the proposed
design is propagated only through a single GDI-MUX, the carry
propagation delay path is reduced, leading to a significant
improvement in the speed. It can be observed that the delay of the
proposed design is significantly less and is found to be achieved
>64% savings in comparison with the other designs in the
literature. This is achieved because of employing additional swing
restored gates and low V7 devices by improving the output driving
capability. The delay of the 10T design is more because of its less
driving strength at lower supply voltage.

The energy and the Energy Delay Product (EDP) are the two
important performance metrics which measures the efficiency of a
circuit for digital computational systems. From Table 5, it is clear
that the proposed design have the best energy and EDP metrics
compared to the other designs. The energy and EDP percentage
savings of the proposed design with respect to the other designs are
shown in Fig. 4.

The area of the proposed full adder circuit is obtained from the
designed layout using 45 nm technology as shown in Fig. 5. The
CPL design occupies more area because of its more transistor
count and also the complexity of its layout is high due to the
presence of more metal lines in realising the logic. C-CMOS and
the mirror adder designs, in spite of having more transistor count
also occupies almost same area of TGA design because of its
simple and regular structures. The proposed design occupies
reasonably less area compared to the other designs excluding the
10T and GDI designs.

Table 4 Function table of the proposed 14T MVT-GDI hybrid full adder design

ABGC, M1 M2 M3 M4 A@B M5 M6 AeB M7 M8 M9 M10 M11 M12 M13 M14 Sum Cout
0 0 0O ON OFF ON OFF Vr (M3) ON OFF 1 ON OFF OFF ON ON ON OFF ON 0 0
0 0 1 ON OFF ON OFF Vr (M3) ON OFF 1 OFF ON OFF ON ON ON OFF ON 1 0
0 1 0 OFF ON ON OFF 1 OFF ON 0 ON OFF ON OFF OFF OFF ON OFF 1 0
01 1 OFF ON ON OFF 1 OFF ON 0 OFF ON ON OFF OFF OFF ON OFF 0 1
1 0 0O ON OFF OFF ON Vpp-Vr(M4) OFF ON 0 ON OFF ON OFF OFF OFF ON OFF Vpp-Vy(M4) O
10 1 ON OFF OFF ON Vpp-V;y(M4) OFF ON 0 OFF ON ON OFF OFF OFF ON OFF 0 1
11 0 OFF ON OFF ON 0 ON OFF 1 ON OFF OFF ON ON ON OFF ON 0 1
11 1 OFF ON OFF ON 0 ON OFF 1 OFF ON OFF ON ON ON OFF ON 1 1
Table 5 Comparison of the simulation results for different full adder cells in 45 nm technology at 0.2 V supply voltage
Designs Average power, pW Delay, ys  Energy,ad EDP, yJs Transistor count Area, um?2  Reference
C-CMOS 2.568 1.55 3.98 6.169 28 8.13 [4, 6]
mirror 2.523 1.534 3.87 5.937 28 8.536 [5]
CPL 6.236 1.44 8.979 12.93 32 10.462 [8, 9]
TFA 2.98 1.285 3.829 4.92 16 6.66 [10]
TGA 3.277 1.213 3.975 4.821 20 8.18 [19]
16T-hybrid 2.506 0.978 2.451 2.397 16 7.27 [18]
10T 2.34 5.95 13.923 82.84 10 5.12 [21]
GDI 1.665 3.3 5.494 18.131 10 4.93 [26]
proposed 3.053 0.344 1.05 0.361 14 6.32 [present]
468 IET Circuits Devices Syst., 2019, Vol. 13 Iss. 4, pp. 465-470
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Fig. 5 Layout design of the proposed 14T MVT-GDI hybrid full adder
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Fig. 6 Delay distribution of full adders derived by Monte-Carlo
simulations.
(a) C-CMOS, (b) Proposed 14T MVT-GDI

In order to evaluate the effect of local and global process
variations on the delay of the proposed full adder design, Monte—
Carlo simulations have been performed. As C-CMOS design is the
most robust against process variations, the results of the proposed
design are compared with C-CMOS to evaluate the robustness of
the design. The results obtained are shown in Fig. 6. The proposed
design shows comparatively less immunity to process variations
with standard deviation (o) of only 168.08 ns (83% less than the C-
CMOS) and mean (y) of 0.336 ns (73% less than the C-CMOS).
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Fig. 7 Technology scaling trends of Vpp and energy metric [30]

The proposed design also provides stable functionality for
operation at different process corners-TT (Typical PMOS, Typical
NMOS), FF (Fast PMOS, Fast NMOS), FS (Fast PMOS, Slow
NMOS), SF (Slow PMOS, Fast NMOS), and SS (Slow PMOS,
Slow NMOS). The variations in the power consumption and delay
for the proposed design are shown in Fig. 2. As expected, the
power consumption and delay are observed to be maximum at FF
and SS corners, and minimum at SS and FF process corners,
respectively.

In order to estimate the performance of the proposed design
with the new technology scaling trends following the International
Technology Roadmap for Semiconductors (ITRS) [27, 28] and
International Roadmap for Devices and Systems (IRDS) [29], the
energy metric of the proposed design in 45 nm technology is
normalised to 32 and 22 nm and is compared with the recently
proposed CMOS hybrid full adder designs [18, 21]. The
normalised energy (Ey) metric is calculated from the technology
scaling trends of energy metric and Vpp as shown in Fig. 7 [30,
31].

The comparison table showing the normalised energy metric
(from 45 to 32, and 22 nm) of the proposed design in comparison
with the recent works is shown in Table 6. It can be observed that
the proposed design provides significantly lesser energy
consumption and achieves >57% energy savings in comparison
with the recent works.

5 Performance of 32-bit carry propagation adder

In order to evaluate the performance of the proposed GDI-based
hybrid design in practical applications, the authors have cascaded
the proposed 1-bit full adder design to form a 32-bit carry
propagation adder structure as shown in Fig. 8. In this, the carry
propagation takes place from the first to the last adder block. To
ensure the better driving capability of the cascaded design, the
authors have incorporated the buffers at appropriate stages in the
design. Assuming that the maximum allowed voltage drop of the
complete cascaded design would be 0.2 Vpp, the number of GDI
cells that can be linked between two buffers is given by (10) [22].
As authors’ proposed designs based on the GDI approach, the
value of N was evaluated from (10) with Vg, = V7 which turns
out to be ~2. The simulation of this 32-bit adder design was also
carried out in 45 nm technology with and without using buffers.
The delay was improved significantly after using buffers. The
simulation results are shown in Fig. 9.

0.2V,
N = DD

(10)

Vdrop

6 Conclusion

Here, the authors have developed a new full adder circuit — 14T-
MVT-GDI. The simulations were carried out using cadence, 45 nm
technology at ULV of 0.2 V. The results are compared with the
other standard full adder designs like CMOS, CPL, TGA, and the
other hybrid, 10T, and GDI designs reported in the literature. The
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Table 6 Normalised energy metric (in 32 and 22 nm)
comparison of the proposed design in prior to the recent
works

Design Technology, nm  Normalised energy, aJ
GDI [26] 32 456
22 4.104
16T-hybrid [18] 32 2.034
22 1.83
10T [24] 32 11.12
22 10.008
proposed 32 0.871
22 0.784
Ll

C ) C . C, (&) ) Cy

2l FAO FAL e eneeeenne —> AL

v s 2

Carry propagation path

Fig. 8 Simulation test bench of 32-bit carry propagation adder
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Fig. 9 Performance (power and delay) of the 32-bit full adder using the
proposed 1-bit full adder design

efficient approach of using low V7 cells in the threshold drop paths,
using swing restoring gates at the outputs (to improve the output
swing and speed), along with GDI methodology (to reduce the
area) leads to significant improvements in the overall performance
of the proposed design. However, the proposed design is
consuming more power than some of the designs, but still managed
to provide >57%, 92% savings in the Energy and EDP,
respectively, in comparison with the other designs reported. Also
the proposed design provides full voltage swing with only 14
transistors.

Monte—Carlo simulations show that the proposed designs are
robust against local and global process variations. Normalised
energy consumption based on the ITRS technology scaling trends
also shows that the proposed design achieves >57% energy savings
in prior to the recent works. The proposed design was further
extended to implement 32-bit full adders with and without using
buffers at appropriate stages (after 2 stages). Hence, the proposed
full adder circuit design could be used in most of the area and
energy efficient computing applications.
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