
Journal of Electrical Engineering, Vol. 77, No. 4, 2026, pp. 376-383 
https://reference-global.com/journal/JEE 

_________________________________________________________________________________________________________________ 
 

_______________________ 

ECED, Thapar Institute of Engineering and Technology, Patiala, Punjab – 147004, India 
{1mjaved_mtech23, 2bharat.garg, 3ankit.soni}@thapar.edu 

 
https://doi.org/10.2478/jee-2026-0036, Print (till 2015) ISSN 1335-3632, On-line ISSN 1339-309X 

© This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives License 
(http://creativecommons.org/licenses/by-nc-nd/4.0/). 

Novel ternary logic gate circuits using CNTFET technology  
for energy-efficient design 

 
Mohd Javed1, Bharat Garg2, Ankit Soni3 

 
Ternary logic, which utilizes three distinct logical states instead of the traditional two, is often considered a more effective 
alternative to binary logic. This increased state capacity can lead to benefits such as reduced chip size, lower power 
consumption, and faster response time. The special qualities of carbon nanotube field transistors (CNTFETs), namely their 
ability to alter diameter and achieve the required threshold voltage, are the foundation of STI design. Because of this 
characteristic, CNTFETs can be used with multiple-Vth design techniques. This paper presents new designs of ternary logic 
gates using CNTFET technology. The Synopsys HSPICE with 32 nm CNTFET technology is used to model a ternary inverter 
and universal gates. The proposed standard ternary inverter achieves a 74.45% reduction in power delay product compared to 
the existing design. Further, the proposed ternary NAND and NOR gates demonstrate a 50.95% and 81.85% reduction in 
average power consumption, respectively. Finally, the simulation results demonstrate that the proposed gates exhibit  
a significant improvement in the power-delay product and can be effectively utilized in energy-efficient designs. 
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1 Introduction 

Demand for portable and embedded electronic devi-
ces is growing daily. Battery-powered devices require a 
strong emphasis on low-power circuit designs. Si-
MOSFET technology is primarily used in the design of 
nanoscale circuits to achieve energy-efficient inte-
gration. On a single chip, maximizing transistor density 
requires decreasing the physical size of each transistor. 
However, the reduction in size of these nanoscale 
devices can lead to short-channel effects, which cause an 
increase in leakage current [1]. 

Selected for their remarkable qualities – small size, 
high transconductance, low power consumption, and 
low noise – carbon nanotube field-effect transistors 
(CNTFETs) are a promising technology in the field of 
electronics. Researchers have been exploring for alter-
natives due to the limits that have been imposed on 
technological advancements. In addition to this, it offers 
a high drive current because of the increased mobility of 
the current carrier [2]. The rate of technological advan-
cement is getting increasingly closer to the termination 
of Moore’s law. The law states that physical constraints 
are unlikely to further improve data density. 

There is a widespread use of ternary logic. This 
acceptance is attributed to the fact that ternary logic 
increases the total number of logic states and enhances 
the capability for bit processing [3]. Ternary circuits  
 

provide a discernible improvement in terms of improved 
chip area, complexities of the interconnect, and the 
amount of electricity used [4]. 

Many researchers have studied how ternary logic 
circuits can provide a higher storage density than 
traditional binary logic circuits. Ternary logic-based 
circuits tend to include geometry-dependent threshold 
characteristics, which are associated with CNTFETs. 
This results in improved performance. Additionally, the 
CNTFET offers excellent mobility as a result of ballistic 
transport, low off-current features, and a threshold 
voltage that can be tuned. In short, CNTFET-based 
ternary logic has emerged as a viable alternative to Si-
MOSFETs in the semiconductor industry. Existing 
research on CNTFET-based ternary logic is limited, with 
current standard ternary inverter (STI) designs showing 
poor performance trade-offs. 

The existing standard ternary inverter design utilizes 
six transistors and exhibits a higher power-delay product 
[5, 6]. Similarly, the conventional ternary NAND and 
NOR gate implementations require ten transistors each 
and suffer from elevated average power consumption [5] 
[7, 8]. In this work, we propose novel designs for the 
standard ternary inverter as well as ternary NAND and 
NOR gates, which demonstrate reduced circuit com-
plexity and significantly lower average power dissipa-
tion. The major contributions of the paper are as follows: 
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• Presents a comprehensive review of existing 
CNTFET-based ternary circuits. 

• Implements and evaluates state-of-the-art designs 
under a uniform simulation environment. 

• Proposed novel low-complexity standard ternary 
inverter and universal gates. 

• Provides a comparative analysis of the proposed 
work over the state-of-the-art circuit using key per-
formance metrics. 

The rest of the paper is organized as follows: Section 
2 presents a comprehensive literature review, covering 
(a) the fundamental concepts of CNTFET technology, 
(b) the background of ternary logic systems, (c) the 
architecture and limitations of the standard ternary 
inverter, and (d) existing ternary universal gate designs. 
Section 3 presents proposed ternary logic circuits, while 
Section 4 presents the simulation results and analysis. 
Finally, Section 5 concludes the work. 

 

2 Literature review 

This section will provide a brief review of the 
CNTFET, followed by the ternary logic, and finally,  
a review of standard ternary inverters and logic gates is 
presented. 

 

2.1 Basic background of CNTFET 

A carbon nanotube (CNT) is a cylindrical nano-
structure created by rolling a graphene sheet into a tube, 
featuring a honeycomb lattice of carbon atoms – making 
it an allotrope of carbon. Two variants are single-walled 
(SWCNT) and multi-walled (MWCNT) CNT structures. 
Single-walled CNT forms and electrical characteristics 
depend on the orientation of the graphene sheet rolling. 
The chiral vector, which defines the properties of CNTs, 
is given by Eqn. (1) 

 

𝐶̂𝐶ℎ = 𝑛𝑛𝑎𝑎�1 +  𝑚𝑚𝑎𝑎�2                                                      (1) 

 

A pair of positive integers n and m defines the 
chirality of a carbon nanotube and corresponds to the 
unit vectors 𝑎𝑎�1 and 𝑎𝑎�2. The chirality of the tube indeed 
corresponds to a pair of integers, n and m. The values of 
n and m will dictate whether CNTs have electrical 
characteristics equivalent to those of conductors or 
semiconductors. In the case when (n − m) is not equal 
to 3i, where ’i’ is an integer, the material exhibits the 
behavior of a semiconductor with a moderate band gap, 
and this band gap narrows as the nanotube’s diameter 
increases [9, 10]. 

 
Fig. 1. Schematic of the CNTFET device model 

 

The CNTFET is comparable to the Si-MOSFET, as 
seen in Fig. 1. Electrons pass from the source (negative) 
to the drain (positive) via a channel formed of carbon 
nanotubes. The gate works as a switch, allowing or 
stopping the flow of current. CNTFETs utilize a single 
or multiple CNTs as a channel, replacing the silicon 
layer in Si-MOSFETs [11]. The calculations below help 
in determining the threshold voltage for various 
diameters of CNT [12]. 

 

𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶 =  √3𝑎𝑎0
𝜋𝜋

√𝑛𝑛2 + 𝑚𝑚2 + 𝑛𝑛𝑛𝑛                                        (2) 

𝑉𝑉𝑡𝑡ℎ ≈  𝐸𝐸𝑔𝑔

2є
=  √3𝑎𝑎0

3є
𝑉𝑉𝜋𝜋

𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶
≈  0.436

𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶
                                        (3) 

 

DCNT is the diameter of the CNT, while a0 = 0.142 nm 
is the interatomic distance between each carbon and its 
neighbour atom. (n, m) pair of integers shows the 
chirality of the tube, and 𝑉𝑉𝜋𝜋  =  3.033 eV. 

The default channel length of 32 nm, and a high-k top 
gate dielectric material (planar gate) thickness of 4 nm 
[13]. The width of the metal gate contact is 6.4 nm, and 
the pitch (distance between the centers of two adjacent 
CNTs) is 20 nm. The device has one carbon nanotube 
with a chirality of (19,0) [14]. 

 

2.2 Ternary logic background 

Ternary logic circuits have gained significant interest 
due to their provision of three stable states, which 
enhances the design of digital circuits. The logic values 
0 and 1, respectively, in binary systems correspond to 
the voltage levels of 0 V and VDD. However, in ternary 
systems, the voltage levels of 0 V, VDD/2, and VDD 
correspond accordingly to the logic values of 0, 1, and 2, 
respectively [15]. Ternary circuits make the chip smaller 
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and simplify connections, which helps save power and 
reduce delays. Every line has a high storage rate, which 
could lead to more successful communication paths. 
Using ternary logic enables fast transfer of data both 
serially and in parallel [16]. 

Suppose that 𝑋𝑋𝑖𝑖 and 𝑋𝑋𝑗𝑗 are two literals that are 
capable of accepting any value from the set {0, 1, 2}, 
which implies that 𝑋𝑋𝑖𝑖 and 𝑋𝑋𝑗𝑗 are equal to {0, 1, 2}. 

 

𝑋𝑋𝑖𝑖 + 𝑋𝑋𝑗𝑗 = max{𝑋𝑋𝑖𝑖, 𝑋𝑋𝑗𝑗}                                                         (4) 

𝑋𝑋𝑖𝑖. 𝑋𝑋𝑗𝑗 = min{𝑋𝑋𝑖𝑖, 𝑋𝑋𝑗𝑗}                                                              (5) 

𝑋𝑋𝚤𝚤� = 2 −  𝑋𝑋𝑖𝑖                                                              (6) 

 

In terms of ternary logic, the sign ′−′ represents the 
arithmetic subtraction operation, and ’+’ denotes the 
logical OR function. ′·′ denotes the logical AND ope-
ration, and ’¯’ represents the complement of 𝑋𝑋𝑖𝑖 [17]. 

 

2.3 Standard ternary inverters 

Three different kinds of inverters are included under 
ternary logic: the Standard Ternary Inverter (STI), the 
Negative Ternary Inverter (NTI), and the Positive 
Ternary Inverter (PTI). Table 1 shows the truth table of 
these ternary inverters. From the table, it can be seen that 
the STI provides output at all three levels; however, only 
two levels are reflected by PTI and NTI [18]. 

 

Table 1. Ternary inverter logic table 

Input STI PTI NTI 
0 2 2 2 
1 1 2 0 
2 0 0 0 

 

2.3.1 Standard ternary inverters [5]  

Figure 2 displays the CNTFET-based STI design, 
which consists of six CNTFET devices. In this circuit, 
the CNTFETs T1, T2, and T3 exhibit chiralities of (19, 
0), (10, 0), and (13, 0), respectively, while the diameters 
are 1.487 nm, 0.783 nm, and 1.018 nm, respectively. 
Using Eqn. (2), the calculated threshold voltages of these 
devices are 0.289 V, 0.559 V, and 0.428 V for T1, T2, 
and T3, respectively. For transistors T5, T6, and T4, the 
threshold voltages are –0.559 V, –0.428 V, and –0.289 
V, respectively. An output of 0.9 V (logic level 2) results 
from an input below 300 mV when the supply voltage is 
set to 0.9 V and the input voltage varies between its low 
and high states. In this state, T1 and T2 are OFF, while 
T5 and T6 are ON. When the input exceeds 300 mV, T5 

remains ON and T6 turns OFF; T1 switches ON while 
T2 stays OFF. Due to their threshold voltages, T3 and T4 
cause a 0.45 V drop, setting the output to half the supply 
voltage (0.45 V), representing logic level 1 as shown in 
Table 1. When the input surpasses 0.6 V, T5 and T6 turn 
OFF, and T2, along with a voltage source, pulls the 
output to 0 V. A similar transition occurs when the input 
decreases from high to low. 

 
Fig. 2. Standard ternary inverter [5] 

 

The STI circuit shown in Fig. 3 is made up of both 
PTI and NTI [6]. After the outputs of PTI and NTI, there 
are two transistors: the N-CNTFET and P-CNTFET, 
which share the same geometry. Due to their connection 
to VDD and ground, the transistors connected to PTI and 
NTI remain active at all times. The sum of NTI and PTI 
will be the power that comes out of STI. In this way, it 
gives off the average power. It is shown in Fig. 2 that the 
STI circuit is faster than the circuit shown in Fig. 3. 

 

 
Fig. 3. Standard ternary inverter [6] 
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2.3.2 Ternary universal gates 

Investigating the world of ternary universal gates 
reveals a fresh landscape of opportunities. This section 
looks into the complex structure of ternary NAND and 
ternary NOR gates, examining their capacity to revo-
lutionize digital circuit design. The primary aim of this 
section is to establish a foundation for emphasizing the 
significance of universal gates and to analyse them 
across various parameters that will be examined in 
detail. 

In any design context, consistency and similarity 
contribute to strength, enhanced performance, and 
simplified fault identification. Universal gates serve 
a crucial purpose in digital logic design, enabling the 
implementation of any logical function [19]. Universal 
ternary gates possess the capability to realize the 
functionality of any logic function or equation, making 
them exceptionally adaptable components in the field of 
digital circuit design. 

The universality of TNAND/TNOR gates allows for 
the acceptance of all ternary values. For example, a 
standard ternary inverter can be constructed by linking 
the inputs of TNANDs, and it can realize a ternary OR 
gate by interconnecting its inputs via the ternary inverter. 
In a similar manner, a TNOR gate can be utilized to 
create a NOT gate (STI) by linking its inputs together. 
By cascading and mixing these gates, it is possible to 
create complex logic functions for a variety of 
applications [20]. Equations (6) and (7) present the 
logical expression as shown. The logical illustration for 
ternary universal gates is presented in Table 2. 

 

𝑌𝑌𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  mın{𝐼𝐼𝐼𝐼𝐴𝐴, 𝐼𝐼𝐼𝐼𝐵𝐵}�����������������                                          (7) 

𝑌𝑌𝑁𝑁𝑁𝑁𝑁𝑁 =  max{𝐼𝐼𝐼𝐼𝐴𝐴, 𝐼𝐼𝐼𝐼𝐵𝐵}������������������                                            (8) 

 

In the logical table below, InA and InB are the two 
ternary inputs while YNAND and YNOR are the outputs for 
the ternary NAND and NOR gates, respectively. 

 

Table 2. Ternary universal gates table 

InA InB YAND YNOR 
0 0 2 2 
0 1 2 1 
0 2 2 0 
1 0 2 1 
1 1 1 1 
1 2 1 0 
2 0 2 0 
2 1 1 0 
2 2 0 0 

 

Existing ternary NAND and NOR gate designs: The 
following figure shows the existing ternary NAND gate 
and NOR designs. The logical formulas for the ternary 
NAND and NOR gates are shown in Eqns. (7) and (8). 

 

 
Fig. 4. Ternary NAND gate design [5]. 

 

 
Fig. 5. Ternary NOR gate design [6] 

 

Figures 4 and 5 show the two-input NAND and NOR 
gate designs from [5]. Comprising ten CNTFETs, each 
of these two gates combines three different chiralities. 
Their transistor threshold voltages vary only somewhat; 
functionally, they are almost exactly like traditional 
binary CMOS gates. Calculated with Eqn. (2), the 
matching threshold voltages – using transistor diameters 
of 1.487 nm, 0.683 nm, and 1.018 nm – are 0.289 V, 
0.559 V, and 0.428 V, respectively. These values align 
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with those seen in the Standard Ternary Inverter (STI) 
circuit shown in Fig. 2. Using HSPICE simulations – as 
shown in Tab. 2 – the accuracy of these gate designs was 
verified. 

 

 
Fig. 6. Ternary NAND gate design [7] 

 

Figure 6 shows the two-input ternary NAND gate 
design [7]. This design comprises a total of ten tran-
sistors, of which five are PCNTFET and five are 
NCNTFET with the chiralities of (19,0) and (10,0), and 
their diameters are 1.487 nm and 0.783 nm from Eqn. 
(1). The correctness of these designs was verified using 
HSPICE, as shown in Tab. 2. 

Figure 7 [8] also comprises ten transistors with 
chiralities of transistors T1, T3, T7, T8 considered (19,0) 
and a diameter of 1.487 nm from Eqn. (1). T6 chirality 
is (13,0) with a diameter of 1.018 nm, and transistors T2, 
T4, T5, T9, and T10 chiralities are (8,0) with a diameter 
of 0.626 nm, and design correctness has been verified in 
HSPICE according to Tab. 2. 

 
Fig. 7. Ternary NOR gate design [8] 

 

3 Proposed standard ternary circuits 

This section presents the proposed circuits, including 
the Standard Ternary Inverter and the ternary NAND 
and NOR gates, designed using the Stanford 32 nm 
CNTFET model. All existing and proposed designs have 
been simulated in same environment using the Synopsys 
HSPICE tool to ensure a fair and consistent comparison. 

 

3.1 Proposed standard ternary inverter design 

Figure 8 shows the proposed circuit of STI. This STI 
consists of four transistors, two of which are PCNTFET 
transistors, and the other two are NCNTFET transistors. 
T1 and T3 transistors are PCNTFET transistors with 
chiralities (7,0) and a diameter of 0.548 nm, and 
transistors T2 and T4 are NCNTFET transistors with 
chiralities (10,0) and a diameter of 0.783 nm. 

 

 
Fig. 8. Proposed standard ternary inverter 

 

 



Journal of Electrical Engineering, Vol. 77, No. 4, 2026                                                                 381 

In this circuit, the T3 and T4 transistors work as a 
voltage divider. The circuit operates with three logic 
levels: logic ”0” (0 V), logic 1 = (VDD/2=0.45 V), and 
logic ”2” = (VDD=0.9 V), respectively. 

 

3.2 Proposed ternary NAND and NOR gate designs 

Figures 9 and 10 show the proposed ternary NAND 
and NOR gate designs. These circuits contain a total of 
six transistors: T1, T2, and T5 are the PCNTFET tran-
sistors, and T3, T4, and T6 are the NCNTFET transistors. 
These circuits contain a dual power supply where the T5 
and T6 circuits function as a voltage divider. The chira-
lity for PCNTFET (7,0) and diameter is 0.548 nm from 
Eqn. (1). The chirality for NCNTFET is (10,0), and the 
diameter is 0.783 nm, respectively. Since the circuit 
consists of a dual VDD supply. The above figures operate 
with three logic levels: logic ”0” (0 V), logic  
”1” = VDD/2=0.45 V and logic ”2” = VDD=0.9 V, re-
spectively. The correctness of these circuits has been 
verified in HSPICE according to Tab. 2. 

 

 
Fig. 9. Proposed ternary NAND gate design 

 

 
Fig. 10. Proposed ternary NOR gate design 

 

 

4 Simulation results and analysis 

In this section, all the circuits mentioned in sections 
2 and 3 are tested using the Synopsis HSPICE simulation 
tool. With the 32 nm CNTFET Stanford model, the 
number of CNTs is 3, 1 with different chiralities, and 
input-output waveforms of ternary inverter and ternary 
universal gates are also present in this section. 

 

4.1 Standard ternary inverter 

Figure 11 shows that the transient analysis of the 
proposed design has been confirmed and tested. 
According to Tab. 3, the synopsis HSPICE simulation 
tool is used. The performance metrics, including delay, 
power consumption, power delay product, number of 
tubes, transistor count, and chiralities, are analyzed to 
evaluate the effectiveness of the ternary logic circuits. 

 

 
Fig. 11. Input and output waveforms of standard 

ternary inverter 

 

Table 3. Simulation results of standard ternary 
inverters  

Design Avg. 
power 
(nW) 

Delay 
(ps) 

PDP  
(aJ) 

Tran Chiralities 

[5] 166.6 774.92 129.62 6 19,13,10 
[6] 93.17 993.73 92.54 6 19,10,13 
Prop. 269.65 87.63 23.66 4 7,10 
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As seen above, among all the STI designs, the pro-
posed design is clearly the best among all designs 
because it consumes less power, has the lowest delay, 
and has the lowest PDP. Hence, indicating the highest 
energy efficiency. Design [5] might be considered if 
higher power is acceptable for modest speed gain over 
[6]. Design [6] is the worst in all metrics – highest 
power, longest delay, and worst PDP. Design [6] is the 
worst in all metrics – highest power, longest delay, and 
worst PDP. 

 

4.2 Ternary NAND gate 

Figure 12 shows the transient analysis of the propo-
sed ternary NAND gate circuit. The design has been 
confirmed and tested using the Synopsis HSPICE 
simulation tool. According to Tab. 4, the performance 
metrics, including delay, power consumption, and power 
delay product, number of tubes, transistor count, and 
chiralities, are analyzed to evaluate the effectiveness of 
the ternary logic circuits. 

 

 
Fig. 12. Input and output waveforms  

of ternary NAND gate 

 

Table 4. Simulation results of NAND gates designs 

Design Avg. 
power 
(nW) 

Delay 
(ps) 

PDP 
(aJ) 

Tran Chiralities 

[5] 175.99 6503.6 1144.3 10 19,13,10 
[6] 567.77 79322 45014 10 19,10 
Prop. 86.31 6032.6 520.6 6 7,10 

 

 

As seen below, among all designs of NAND gates, 
the proposed design is clearly the best among all designs 
because it consumes less power and has the lowest delay 
among all designs of NAND gates. 

 

4.3 Ternary NOR gate 

Figure 13 shows the transient analysis of the pro-
posed ternary NOR gate circuit. The design has been 
confirmed and tested. According to Tab. 5, using the 
synopsis HSPICE simulation tool and performance 
metrics, including delay, power consumption, and power 
delay product, the number of tubes, transistor count, and 
also are given in Tab. 5. 

 

 
Fig. 13. Input and Output waveform  

of ternary NOR gate 

 

Table 5. Simulation results of NOR gates designs 

Design Avg. 
power 
(nW) 

Delay 
(ps) 

PDP 
(aJ) 

Tran Chiralities 

[5] 176.25 518.1 91.31 10 19,13,10 
[6] 368.86 578.9 213.58 10 19,8,13 
Prop. 32.01 76.37 2.44 6 7,10 

 

As seen above, among all designs of NOR gates, the 
proposed design is clearly the best because it consumes 
less power, has the lowest delay, and lowest PDP, hence 
indicating the highest energy efficiency. 
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5 Conclusion 

This paper examines standard ternary inverters and 
universal gates, focusing on performance factors such as 
area, average power, delay, and power-delay product. It 
proposed new circuits of standard ternary inverters and 
universal gates, detailing several methods we tested to 
determine which were most effective. For instance, we 
reduced the number of transistors and utilized dual 
source voltages (VDD and VDD/2). The proposed Standard 
Ternary Inverter indicating 33.33% improvement in area 
efficiency compared to the existing design. Similarly, 
the proposed ternary NAND and NOR circuits improve 
the area-efficiency by 40% compared to other designs. 
The simulation results also clearly indicate that the 
proposed designs consume less energy, power-delay 
product (PDP), and area efficiency as compared to the 
other existing designs. 
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