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Abstract

The reversible circuits are useful in energy-saving applications
because of their unique features. Hence, using 32 nm carbon
nanotube field-effect transistor (CNTFET) technology and
relying on Toffoli's reversible gates, a new full adder (FA)
circuit is presented. The proposed circuit has 4 basic Toffoli
gates and 18 transistors. 3 of the 4 gates have the same transistor
schematic with a constant-ON transistor, but the remaining gate
has only two transistors. The proposed circuit has 3 constant
inputs and 4 garbage outputs. As a new method, in the proposed
circuit, only one type of reversible gate is used. The results show
the superiority of the proposed FA in terms of power
consumption and energy dissipation. By implementing the
proposed FA and other circuits in a 4-bit and 8-bit ripple carry
adder (RCA), the proposed circuit shows improvements by
6.83% and 11.25% in terms of power and energy, respectively,
compared to the main competitor. Also, in an 8-bit RCA, the
proposed FA has a 2% saving compared to the nearest
competitor and 27% compared to the worst circuit in terms of
the power-delay-area-product (PDAP). These results show the
designed FA as a favorable option for complex structures with
high-order bits.

Keywords: Full adder, Toffoli gate, Reversible design, Low power, High speed, Ripple carry adder.

Highlights
Covering the lack of transistor design of reversible FA based on CNTFET technology with a channel length

of 32nm.

Design of a new Toffoli gate (TG) and its usage in the proposed full adder for circuitry performance
improvement in terms of power and delay.

Use of only one type of reversible gate, Toffoli gate (TG), in the design of the proposed full adder.
Obtaining the proposed full adder with high precision in terms of output voltage generation for use in various
high-speed and frequency-dependent applications.
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1. Introduction

With the limitations imposed by Moore's Law on conventional MOSFETS, researchers have increasingly turned
to post-CMOS technologies such as carbon nanotube field-effect transistors (CNTFETS), single-electron
transistors (SETs), and quantum cellular automata (QCA) [1]. However, when these technologies are applied to
complex structures, they face several challenges, including short-channel effects, reduced gate control,
exponential increases in leakage current, process variations, and high power density. These issues have driven
researchers to explore new methods for designing integrated circuits (ICs) [2-5].

Among the various methods proposed in the literature, irreversible circuits—designed using conventional
mechanisms—are widely used. However, irreversible digital circuits face fundamental challenges, such as high
power consumption, low speed, and high energy consumption relative to their area. To address these issues,
reversible logic gates have emerged as a promising approach for designing digital circuits. Reversible logic offers
unique features, including the potential for zero power dissipation under ideal conditions, as discussed in the
literature [6-8].

In conventional irreversible operations, energy loss occurs at a rate of KTIn2 Joules per bit loss, where K is the
Boltzmann constant and T is the temperature. While this energy loss may seem negligible at first, it becomes
significant when scaled to the entire chip level. In contrast, reversible circuits ensure that the number of inputs
and outputs are equal, with the number of inputs being equal to the sum of the outputs and garbage outputs (GOs).
When evaluating reversible logic circuits, key performance metrics include power consumption, energy
dissipation, delay time, and area occupation. Additionally, reversible logic gates allow the use of constant inputs
(Cls), such as 0 or 1, to achieve the desired logical operations. However, to construct reversible circuits based on
nxn (inputxoutput) logic gates, certain outputs—referred to as garbage outputs (GOs)—are generated that are not
useful for other parts of the system.

Given the unique characteristics of reversible circuits, they are well-suited for designing basic digital circuits such
as full adders (FAs), which serve as the foundation for more complex computing circuits like multipliers, dividers,
and digital filters. Reversible gates come in various types, including Inverter, Feynman, Toffoli, Peres, and
Fredkin. Based on these gates, numerous reversible FA circuits have been proposed in the literature, each differing
in the number and type of gates, constant inputs, and garbage outputs.

2. Innovation and contributions

The proposed circuit is thoroughly analyzed from multiple perspectives. First, the block diagram of the proposed
circuit is presented and compared with previous works discussed in the earlier section. Next, the transistor-level
structure of the circuit is examined, highlighting its advantages and key features. The circuit consists of 4 Toffoli
gates (TGs), and by comparing its block diagram with existing works, the innovation in terms of the number and
type of gates becomes evident.

To sum the three inputs (A, B, and Cin) and produce the two outputs (Sum and Cout), the circuit employs two
distinct stages with different numbers of inputs and types of constant inputs. The proposed circuit includes two
constant inputs of 1 and one constant input of 0, along with 3 garbage outputs (GOs). Given its unique structure
and the use of Toffoli gates, the circuit is expected to exhibit low power consumption and high speed.

The low power consumption can be attributed to several factors, such as the minimal impact of certain transistors
(e.g., those that are permanently ON) on power usage. Additionally, since the Sum and Cout outputs are
independent in the proposed circuit, the power consumption of each gate is isolated and significantly reduced.
Although the circuit has a relatively high number of internal nodes, these nodes feature low internal capacitance
(as they are formed by approximately two transistors, similar to inverter outputs). This results in two key
advantages: reduced power consumption and faster signal transmission during the charge and discharge cycles of
these capacitors.

For simulation, the proposed circuit and other benchmark circuits are implemented using the 32 nm Stanford
University CNFET technology, a reliable post-CMOS technology. Simulations are conducted based on the
parameters listed in Table 2, and all circuit parameters—including power, delay, and energy consumption—are
extracted using HSPICE codes. The power results are reported as dynamic average power consumption, while the
delay is calculated based on the worst-case input-to-output path delay. Energy consumption is evaluated using the
power-delay product (PDP).

Initial simulations are performed at a working frequency of 250 MHz, and the input and output waveforms of the
proposed circuit are extracted, confirming that the outputs achieve full swing. To evaluate the circuit under more
realistic conditions, a ripple carry adder (RCA) is employed, along with an independent fan-out generator based
on the Feynman gate. The fan-out generator, consisting of 3 transistors, does not significantly increase the circuit's
area, power consumption, or overall delay.

For the 4-bit RCA, 4 full adders (FAs) and 8 fan-out generators are required, while the 8-bit RCA requires 8 FAs
and 16 fan-out generators.
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4. Results and Discussion

The proposed circuit, comprising 18 transistors, demonstrates superior performance in terms of power
consumption and power-delay product (PDP) compared to other circuits. In terms of power consumption, the
proposed circuit achieves 10.157 uW in 4-bit mode and 26.547 uW in 8-bit mode, outperforming the FT circuit
by 20.41% and 31.61%, respectively.

Regarding PDP, the closest competitor to the proposed circuit in 4-bit mode is the RFA-3 circuit, with the
proposed circuit showing a 6.83% improvement. In 8-bit mode, the FT circuit is the closest competitor, with the
proposed circuit achieving an 11.25% better performance. These results highlight the superior performance of the
proposed circuit, particularly in terms of power and PDP, despite having a higher number of transistors compared
to some circuits.

To ensure a fairer comparison, the power-delay-area product (PDAP)—calculated as the product of PDP and the
number of transistors—is used. The results, as shown in Table 4, indicate that in 4-bit mode, the RFA-3 circuit
uses the fewest transistors, while in 8-bit mode, the RFA-1 circuit has the lowest transistor count.

In 4-bit mode, the proposed circuit shows a 12.78% improvement over the RFA-3 circuit, while in 8-bit mode, it
outperforms the RFA-3 circuit by 17.57%. These results demonstrate that the proposed circuit is particularly
effective for high-bit applications, outperforming most existing circuits, especially the RFA-3 circuit.

5. Conclusion

In this article, a new reversible full adder (FA) is proposed, featuring 18 transistors and a novel block diagram
based on the Toffoli reversible gate. The proposed circuit, with 3 constant inputs and 4 garbage outputs,
demonstrates excellent performance in terms of power consumption and energy dissipation. A key distinguishing
feature of this circuit is its use of only one type of gate (Toffoli gate) in its main structure, unlike other reference
circuits that rely on a combination of various reversible gates to implement an FA.

Extensive simulations were conducted using HSPICE software under various conditions to validate the superiority
of the proposed circuit, particularly in high-order bit implementations. When implemented in 4-bit and 8-bit ripple
carry adder (RCA) structures, the proposed circuit outperforms its nearest competitor by 6.83% in power and
11.25% in energy efficiency. Furthermore, considering the number of transistors used, the proposed circuit
achieves a 2% improvement over its closest competitor and a 27% improvement over the least efficient circuit in
terms of the power-delay-area product (PDAP) in 8-bit mode.
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Figure 2. Block diagram of the proposed circuit.
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Table 1. Comparison between proposed cell and the references.

Sum Cout
RFA-1[9] SUM=A®B®Cin Cou=(A ® B).A + (A ®B).Cin
RFA-2[9] Sum=((A ® B) @ Cn) Cou=(A®B).A+(A®B).Cin
RFA-3[9] Sum=(A ® B).Cin+ (A®B).Cin Coar=(A®B).A+(A®B).Cnn
RFA-4 [9] Sum=(A®B) Cn+ (A®B) Cn Cou=(A.B).A +(A®B).Cin
RGFA [10] SUM=A® B® C Cou=(A.B) ® (A®B).Cin
NG-press [11] SUM=A® B® Cin Cou=(A.B) ® (A ® B).Cin
FT[12] SUM=A®B®Cin Cou=(A® B).A+ (A ®B).Cin
Proposed SUM=A® B® Cin Cou=(A.B) ®[Cin(A ® B)]
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Figure 3. (a) Block diagram, (b) output waveforms of the proposed circuit
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TABLE 2. PARAMETERS OF THE APPLIED CNTFET TECHNOLOGY [3].

Parameter Value Definition
Len 32nm Definition
L gett 100nm Physical Channel Length
Le 32nm Mean Free Path: Intrinsic CNT
Lag 32nm Source Side Extension Regions
K gate 16 Length of Doped CNT Drain
Tox 4nm Gate Dielectric Constant
Cab 40pF/m Oxide Thickness
= 0.6eV Coupling Capacitance between Channel and Substrate
Pitch 5nm Tubes Distance
Chirality Vector (38,0) Chiral Vector
Tubes 10 Number of Tubes
Dent 2.97 nm CNT Diameter
Vth 0.196 V Threshold Voltage
Ty DI A D D i i
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Figure4. RCA circuit used in this paper for the evaluation of FAs.
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Table 3. Performance evaluation of the FAs in RCAs.

4-bit 8-bit

Designs Power (UW) Delay (ns) PDP (fJ) Power (UW) Delay (ns) PDP (fJ)
RFA-1[9] 12.451 13.989 174.18 46.891 18.847 883.75
RFA-2 [9] 17.190 13.993 240.54 87.603 19.335 1693.80
RFA-3[9] 11.033 13.986 154.31 30.684 18.986 582.57
RFA-4[9] 19.701 17.959 353.81 31.257 22.541 704.56
RGFA [10] 14.610 14.985 218.93 37.554 18.941 711.31
NG-press [11] 11.382 14.998 170.71 32.904 23.987 789.27
FT [12] 12.763 13.982 178.45 30.047 17.914 538.26
Proposed 10.157 14.154 143.76 26.547 17.993 477.66
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TABLE 4. Performance evaluation of the FAs in RCAs in terms of the number of transistors and PDAP.

4-bit 8-bit
Transistor counts PDAP Transistor counts PDAP (Norm)

RFA-1[9] 84 14631.12 168 148470

RFA-2 [9] 100 24054 200 338760
RFA-3[9] 78 12036.18 191 111270.9
RFA-4[9] 128 45287.68 256 180367.4

RGFA [10] 100 21893 200 142262
NG-press [11] 116 19802.36 232 183110.6
FT [12] 92 16417.4 184 99039.84
Proposed 96 13800.96 192 91710.72
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Figure5. Normalized PDAP results under 4-bit and 8-bit RCAs.
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Table 5. Evaluation of the FAs in terms of physical structure

Constant Input (Cl)  Garbage Output (GO)

Gate Count (GC)

Internal Nodes (IN)

Transistor Count (TC)

RFA-1 [9] 1 2 4 5 15
RFA-2 [9] 1 2 5 6 19
RFA-3[9] 2 3 5 6 18
RFA-4 [9] 4 5 7 8 26
RGFA [10] 1 2 2 8 19
NG-press [11] 1 2 2 8 23
FT[12] 2 3 4 6 17
Proposed 3 3 4 8 18
355 aie Ol ypss ke ;o oaisS mez plod o Sl b5l # Jou
Table 6. Performance evaluation of the FAs in RCAs against Vpp variation

Vpp Variation 0.6V 0.8V 1V 1.2V

RFA-1[9] 2.4735 3.901 7.1092 11.551

RFA-2 [9] 2.2916 47810 10.089 15.933

RFA-3 [9] 21174 3.9878 7.0707 11.015

RFA-4[9] 3.946 4214 8.487 13.394

RGFA [10] 1.8686 4.4863 8.7513 11.445

NG-press [11] 2.0072 4.3867 7.6667 11.480

FT [12] 2.1248 4.2840 7.6435 11.141

Proposed 1.7470 3.6145 6.0690 10.808
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