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Abstract.In modern electronic systems, the growing demand for higher
information density and faster processing speeds requires advanced logic
technologies. So multi-valued logic (MVL) introduces, it serves as alternative
to binary logic schemes. The paper explores the new proposed novel circuit
designs including CNTFET-STI, TNAND, TNOR, aimed at minimizing energy
consumption as measured by the power-delay product (PDP) Furthermore, the
proposed three-valued logic circuits perform basic arithmetic operations. To
check proper functionality and behaviour of circuits that are taken under
simulations with Synopsys HSPICE with integration of 32 nm Stanford model
of CNTFET. Outcome of the results indicate that designs are using low PDP
and power usage. The proposed circuits resulting in an overall 98%
improvement in PDP.
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1 Introduction

For several years, the design systems have relied on binary logic which has two
distinct levels. A major downside for working nanometer from an application point of
view is the limited possibility of interlinks when performed operations in binary level
states. In interlaced circuits the interlinks that were based on binary logic systems
suffered from greater levels of noise, consuming high energy and delay is increasing
rapidly as the size of transistors increases. Therefore, as information compactness
increases and increase in processing speeds, it becomes extremely hard to persist with
binary logic designs. Non-binary logic, also known as multi-valued logic enables
compensating for the limits posed by binary non-binary logic. Now, ternary logic is
capable of transmitting greater amounts of information over fewer wires. By allowing
this there is less complex in designs and generate more energy efficient digital
designs.

Different types of multi-valued logic techniques have been implemented for the
CMOS and CNTFETs. Changing the carbon nanotube (CNT) length enables

CNTFETs to replace the CMOS paradigm in MVL designs. There are variations in
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the threshold voltages (vry) when the diameter of the CNTs changes. Furthermore,
with the help of ballistic transport and low off current CNTFETs can be designed
even to operate at ultra-low power with super performance. On top of these benefits,
CNTFETs are more advantageous than MOSFETs, which eases the transition of
designers from CMOS based MVL designs to CNTFET based designs.

CNTFET it is one of field effect transistor (FET), similar to a MOSFET, where the
channel is made up of individual or bundle of carbon nanotubes (CNTs), as illustrated
in the fig 1. The chiral vector, which is connected to the bend angle of the graphene
plain, is one of the important characteristics of CNT. This chiral can be represented
using two vectors, (n, m). With the help of Chiral vectors we can identify whether the
SWCNT is semiconducting material or metallic material. It is one of the main key
feature of CNT i.e Chiral vectors with the help of this vectors we can find the CNT
behaves as a conductor or the semiconductor to check this we have conditions that is
if n = m or m-m = 3i,if it satisfies the condition then CNT behaves as a conductor and
we can calculate the diameter of the carbon nanotubes(D¢y7)which we use in design
and threshold voltage(V;y) with the help of (1) and (2).

Denr = \Ea“\/nz +m? +nm = 0.0783vn? + m2 + nm (1)
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From above equations the parameter ao is the spacing between it’s carbon atoms
that approximately 0.142nm. Other key parameters include the bandgap ( Ej ), the n-n
bond energy (V=, approximately 3.033 eV), and the distance between one carbon to
another carbon atom (a, approximately 2.45 A). The gate terminal in a CNTFET,
separated from the CNT channel by a thin gate oxide layer, controls the on /off states
of device. Under gate terminal the undoped zone of the carbon nanotube acts like
channel when a gate voltage (1) is turned on. Doped portions of the CNToffer a way
with minimal opposition in the on-state, allowing current to flow through the device.
Therefore, by adjusting the gate voltage, the CNTFET can be switched between its
conducting (on) and non-conducting (off) states.

2 Literature Review

One of the earliest works in this domain was by Lin et al. [1], where they
demonstrated the feasibility of CNTFET-based ternary inverters and their advantages
in reducing circuit complexity. Following this, Bal et al. [2] proposed optimized
ternary gate designs that showed significant reductions in transistor count and static
power dissipation compared to traditional CMOS-based implementations.

In their work, Mohan et al. [3] designed and analyzed computational circuits that
are adders and multipliers, proving their energy-efficient characteristics. Similarly,
Kumar and Patel [4] focused on improving performance reliability through threshold
voltage engineering, ensuring stable operation in ternary logic systems.

Sharma and Verma [5] introduced novel ternary logic structures that exhibited
lower dynamic power consumption compared to traditional binary circuits. Their
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work demonstrated that CNTFETs could significantly enhance energy efficiency
while maintaining computational reliability.

Further, Zhang et al. [6] explored the potential of CNTFETs in arithmetic circuits
and proposed novel architectures for ternary logic gates, which reduced switching
power losses.

According to the literature survey the past work has explored ternary logic circuits
using CNTFETs and resistive loads. However, the high current requirements of
CNTFETs necessitate large external resistors, posing a practical challenge. This paper
proposes a new ternary logic gate design that eliminates the need for resistors that are
not on-chipby employing P-CNTFETs as resistive dynamic loads. For checking the
proper working and operation of proposed designs we make use of Synopsys HSPICE
simulations with the integration of Stanford University CNTFET model.

3 Ternary Logic Overview

Three-valued logic, a system using three distinct values, expands upon traditional
binary logic. Its initial concept dates back to 1840 with Thomas Fowler. Ternary
numbers are typically represented in two ways: balanced {-1, 0, +1} or unbalanced
{0, 1, 2}. Table 1 defines the ternary logic states represented by '0', '1', and '2', while
Table 2 illustrates the fundamental ternary operations: AND, OR, and NOT. Here, Fi
and Fj represent values from the set {0, 1, 2}. The symbols ¢, +, and ~ denote the
operations of AND, OR, and NOT and signifies arithmetic subtraction. The
cornerstone of any ternary system lies in its NOR, NOT, and NAND gates. Operation
is done with the help of the equations outlined in Table 2. Inverter is the major
building block in digital design. within ternary logic, we find three distinct inverter
types, categorized by their equations (Table 3):

Table 1.Various states of Ternary logic

Levels of Logic States Levels of Voltages(v)
0 0
1 0.45(V,
(Yoo /2)
2 0.9Vpp)

Table 2.Various states of Ternary logic

Gates Working operations
OR fi + fi = max{fi- f;}
AND fi fj = min{fi- f;}
NOT fi=2—xi
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Table 3.Different Ternary Inverters

Inverter operation In(P) | Out(Q)

types

STI Zo=m(x) =x=2 0 2

- X 1 1

2 0

PTI 7z, = my(x) 0 2

_ {Z,x *2 1 2

0,x =2 2 0

NTI z, = my(x) 0 2

_ {Z,x =0 1 0

0,x+0 2 0

For the double inputs P, Q, the two three-valued logic gates NOR and NAND
functions can be distinguish by the following equations:

T-NAND = mun{P, Q} 3)

T-NOR = max{P, Q} “4)

4 Existing Method

One earlier design [1] used a large resistor in its STI (Standard Ternary Inverter)
implementation. A later approach [12] replaced this resistor with a p-type CNTFET
load transistor, which increases the number of CNTFETs but avoids the need for a
large external resistor. The design [12] make use of six CNTFETs with varying
diameters. Figure 4(a) shows the circuit diagram, and Figure 6 shows how the output
voltage changes with the input voltage (the voltage transfer characteristics, or VTC).

STI NTI PTI

Fig. 1. Symbols for the ternary logic Inverters.

Table 4.Various levels of TNOR and TNAND Logic gate’s

P(IN) 0 0 0 1 1 1 2 2 2
Q(N) 0 1 2 0 1 2 0 I 2
T-NAND 2 2 2 2 1 1 2 1 0
T-NOR 2 1 0 1 1 0 0 0 0
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Specifically, CNTFETs T1 and T5 have a diameter of 1.487 nm (chirality (19, 0)),
a 01.016 nm diameter for the devices T3 and T4 (chirality (13, 0)), for T2 and T6
have the smallest diameter of 0.783 nm (chirality (10, 0)).With the help of
equation(2), the threshold voltages (V) are calculated as: T1: 290 mV, T2: 556 mV,
T3: 426 mV, however for the p-type CNTFETs (T4, TS, and T6) have corresponding
negative threshold voltages (Vry): T4: -427 mV, T5: -291 mV, and T6: -555 mV.

In LU CI Te
N2
T4
\_{ Out
In ]

T:
N1

| T 1

1H

Fig. 3.Circuit diagram of Existing STI based on CNTFET

5 Proposed Method

5.1  STI Design based on CNTFET

Our STI design, shown in Figure 5, uses CNTFETs:6. T1 and TS5 utilize CNTs with a
chirality of (19, 0), T4 uses (13, 0), and T2, T3, and T6 use (8, 0). For this different
chirality vectors that result in variation in diameters (calculated using equation (1)):
T 4=1.018nm, T 2=T 3=T 6=0.625 T 1 =T 5 =1.486 nm,, and T4 =1.018 nm
and threshold voltages (V_TH), are calculated using equation (2), are: T6 = 0.690 V ,
T5=0.291V, T2 =-0.690 V, T4 =0.423 V, T3 =-0.690 V, T1 = -0.291 V, and T3 = -
0.690 V. All transistors have a single tube, except T4, which has four. The circuit
operates with a 0.9 V power supply. Logic levels are defined as follows: above 0.65 V
represents '2'. below 0.3 V represents '0', from 0.35 V to 0.65 V represents '1".

Let's walk through how the circuit works:

e Input low (below 0.3 V):T1 and T2 are ON, T5 and T6 are OFF. T3 is
always ON. This results in a 0.9 V output (logic '2").

e Input middle (between 0.3 V and 0.6 V):T1 and T5 are ON, T2 and T6 are
OFF. T3 and the diode-connected T4 create a voltage drop of 0.45 V each
from N1 to VOUT and VOUT to N2. This results in a 0.45 V output (logic
"1

e Input high (above 0.6 V): T2, T1: OFF, T6 ,T5 : ON. This results in a 0 V drops
at output (logic '1').
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Fig. 4.Proposed Circuit diagram representationofstandardternaryinverter

5.2 Ternary NOR and Ternary NAND based on CNTFETSs

schematics for proposed three-valued T-NOR and T-NAND gates as seen in Figure 6,
respectively. Ten CNTFETs with three distinct chirality are used in each proposed
gate and the primary distinction between these ternary gates and their binary CMOS
equivalents is the variation in threshold voltages of the transistors but similar in
structure. In both the TNAND and TNOR designs, CNTFETs T3, T4, TS5, T9, and
T10 have threshold voltage of 0.695 V, chiral vector(8, 0) and diameter is 0.625 nm.
CNTFETs T1, T2, T7, and T8 have threshold voltage(V_TH) of 0.291 V, chiral
vector (18, 0) and with diameter(D_CNT) value 1.496 nm. CNTFET T6 has a
chirality of (13, 0), a diameter of 1.017 nm, and a threshold voltage of 0.426 V
(calculated using equation (2)). All CNTFETs have a single tube, except for T6,
which has eight tubes in the TNAND gate and three tubes in the TNOR gate. As seen
in Table 4, we employed HSPICE to confirm that both designs operated as intended.

Fig. 5.Schematic representationofThree-valuedNOR andNANDIlogicgates.
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5.3  Three-valued logic Computational circuits based on CNTFET

For creating three-valued logiccomputational circuits like adders, multipliers, Three
Valued logic gates, that are already discussed and explored in previous sections,that
areserve for simple constructioncomponents.

Decoder of three-value logic

Wb@ R

Fig. 6.Three-valued decoder schematic representation

The three-valued decoder is the primary prerequisite for the design and
implementation of these arithmetic circuits. Our three-valued decoder design, having
inputs:1and outputs: 3with combined circuits, is depicted in Figure 8.For an input 'R’
this decoder generates outputsasRo, Ri, and Rz, defined as:

-

where / can be '2', 'l', or '0'. The decoder that is designed by using and integrating
theTNOR: 1,PTIs: 1, and NTIs: 2 (our proposed design),you can see in Figure 7.

Three-valued logic Multiplier and Half Adder

There is one of the major keyadvantage of the three-valued, the amount of
computational steps count can reduces. Because the number of digits required is logs2
times lower than in a binary system since each ternary signal may contain three
values.We used our suggested three-valued logic gates to simulate a multiplier
(TMUL) and half adder (THA) in order to show how well they worked. Additionally,
outputs: 2 are also exhibits by three-valued logic half adder one is sum and another is
Carry like binary half adder ternary half adder also exhibits two outputs one is Sum
and another is Carry like binary half adder. However, unlike the binary version, these
outputs can take on three logic levels. Table 5 shows the truth table for the THA. We
derived the output equations for the three-valuedHalf adder from Table 5 using
Karnaugh maps [11]:
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Table 5. The THA’s truth table

R(IN) S(N) Sum Carry
0 0 0 0
0 1 1 0
0 2 2 0
1 0 1 0
1 1 2 0
1 2 0 1
2 0 2 0
2 1 0 1
2 2 1 1

SUM = RaSo + R1S1 + RoS2 + 1-(R1S0 + RoS1 + R2S2)  (6)
CARRY = 1-(R251 + RaS2 + R1S2) @)

Where Rn and Sn represent the decoded output from the decodershown in Figure
8thatcorrespond to the inputs R and S.

A number of effective designs for the execution of the three-valued half adder has
been proposed in recent years. One such design, shown in Figure 9 and reported in
[15], utilizes the CNTFET-based ternary logic gates we discussed earlier.
Based on inputs R and Sthis circuit employs two decoders to produce outputs .The
design cleverly combines and make use of both three-valued logic and binary, to
compute the both carry and sum. This hybrid approach can significantly improve
performance. Three-valued logic decoders generally require fewer transistors, while
binary logic allows for faster computation. Our THA circuit consists ofproposed
three-valued NANDs: 3 binary inverter: 1, three-valued decoders: 2, proposed STI
gates: 1,three-input NANDs: 3, and binary NANDs: 8.

We also constructed a one-bit three-valued multiplier (TMUL) using gates of
binary logic and our suggested three-valued gates.The circuit schematic in Figure 10
illustrates how this TMultiplier takes two inputs, R and S, and output a Carry and a
product. Table 7 shows the truth - values for the Three-valued multiplier, and the
following equations, derived using Karnaugh maps, define the carry and Product
outputs.

PRODUCT=R>S1+R1S:+1-(R1S1+R2S2) ®)
CARRY=1-(R2S3) )]

The TMUL circuit is composed withThree valued NANDs: 2,our proposed three-
valued NORs: 1, binary inverter: 1,binary NANDs: 6, and decoders: 2.
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6 Results and Discussions

The results and discussions represents and explains in detail of results that we
achieved from the circuits that we designed: the three-valued multiplier, Half adder,
NOR, NAND, and STI. The previously existed designs in the literature [11, 13-15,
16] and results from the suggested designs are contrasted. We tested the performance
of our proposed designs through HSPICE tool at room temperature i.e 0.9V supply
voltage. In the designing of circuits for the transistor model we make use of 32nm
Stanford university CNTFET model due to it is very compatible with the three valued
logic. For better understanding of CNTFETs model parameters and their respective
values shown in Table 8.

To check the effectiveness of our designs, theenergy, delay and power usage of the
circuits all this are explicit as the PDP (power-delay product).For three valued STI the
resulted waveforms include both output and input voltagesas displayed in Figure 10,
as per table3 the result matching the expected behaviour as detailed in. Similarly, The
results of the three-valued NOR and NAND gates simulations are displayed in Figure
11,according to the Table4 they demonstrating their correct operation.

«{ Decoder -‘ Decoder
S R

VDD/2

Dl
H o AR

IAND

e

Fig. 7.Schematic representation of three-valued Half adder

The transient response of our proposed three-valued half adder (THA) confirms its
correct operation, validating the way the three-valued logic gates works used within
it. The six signals: R 0,R 1,R 2, and S 0, S 1, S 2 are generated that are decoded
by decoders for the inputs 'R' and 'S'. Each of these outputs corresponds to a specific
logic level ('2','0", or '1"). As shown in Figure 7, the THA generates the correct Sum
and Carry outputs for various input combinations of R and S, matching the truth table
presented in Table 6. combinations of R and S, matching the truth table presented in
Table 6. Likewise, Figure 8 shows for different input combinations of X and Y of the
three-valued multiplier waveforms. The simulation results are perfectly achieved as
same as the expected outputs.
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Their is rapid huge improvement in power-delay product (PDP) of proposed STI
design in the results while performing simulations for the purpose of analysing.

4( Decoder 4{ Decoder
S R

) B’ P [y

NOT

Fig. 8.Representation of Three-valued multiplier Circuit.

Table 6. The one-bit three-valued multiplier's truth table

R(In1) 0 0 0 1 1 1 2 2 2
S(In2) 0 1 2 0 1 2 0 1 2
PRODUCT 0 0 0 0 1 2 0 2 1
CARRY 0 0 0 0 0 0 0 0 1

Fig. 9.waveforms of three-valued STI design output(transient)

Table 7 provides the detailed report of the three FOMs forpastpublished STI
designs and suggestedthree-valued STI based on CNTFET.As it clearly apparent from
the table7,thatourSTIdesign is more powerful and energy efficient compared to other.
Compared to previous designs [9, 10-12, 13, 14], we achieved a 99% reduction in
power consumption in most cases, with one design [l11] showing a 35.02%
improvement.



Design of Ternary Logic gates and Arithmetic Circuits to ... 2289

0 -

M Existing CNTFET STI B Conventional CNTFET STI
M Proposed CNTFET STI

Fig. 10.Comparison of PDP between the conventional STI and the existing STI with resistors
and the suggested STI design.

Graph0

Fig. 12.The output waveforms of three-valued Half Adder
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VICARRY)

V(PRODUCT}

Fig. 13.The output waveforms of Ternary Multiplier

Table 7.0utcomes of STIs simulations

Circuit delay(ns) Power Usage PDP
(nW) (aJ)
[9] 0.8097 3860 312.43
[11] 0.0194 1131 21.94
[12] 0.3295 0.150 0.049
[14] 0.0156 431.9 6.74
Proposed 30.980 0.105 3.253
Table 8.outcomes of the Three-valued NANDs simulations.
Circuit delay(ns) Power Usage PDP
(nW) (aJ)
[9] 0.0901 2489 245.20
[11] 0.0269 709.2 19.80
[12] 0.0520 1899 95.60
[14] 0.0196 345.8 7.10
Proposed 4.15 1.110 4.606
Ngcnt(VDD—VTH)
I = _—LNTL DD "TH/ 10
CNTFET 1+gcnTLsPs ( )

From above equation transconductance isgq-yr, supply is Vpp where Nrepresents
the quantityof CNT tubes usedvoltage for the circuit, Vi is the threshold voltage, Lg
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is the length of doped CNT source-side extension region, and pg is the doped CNT
source-side resistance per unit length.

Table 9.0utcomes of the Three-valued NOR simulations

Circuit Delay(ns) Power Usage PDP
(nW) (al)
[9] 0.0930 4750 439.99
[11] 0.0239 730.2 16.90
[12] 0.5425 0.280 0.1481
[14] 0.0170 320.20 6.02
Proposed 1.152 2.098 2.417

Equation (10) show the quantity of the CNTs in a CNTFET determines its total
current drive (Ioyrrgr)- However as the number of CNTs increased is causing higher
current drive in circuit at expense of higher power dissipation.

Table 10.0utcomes of the three-valued half adder Simulations

Circuit Delay Power Usage PDP
(ns) (nW) (aJ)
[9] 0.1629 8979 1470.13
[10] 0.02643 10890 290.70
[12] 49.20 001.930 69.10
[14] 0.12952 18671 240.70
Proposed 4.780 2.887 13.799

Table 11.0utcomes of the three-valued Multiplier Simulations

Circuit Delay(ns) Power Usage PDP
(nW) (aJ)
[9] 0.09815 2519 1465.53
[11] 0.02761 10850 299.56
[12] 0.110 4010 441.10
[14] 0.0140 190 2.66
Proposed 1.240 1.800 2.232

The outcome results for our proposed Three-valued logic NOR and NANDfrom
simulations are shown in Tables 8 and 9, compared against existing designs. From the
all simulations and results regarding power usage and PDP all the proposed circuit
designs showing superior performance. There is some improvement in Proposed
TNAND in various field like power consumption compared to previously reported
NAND designs[9,10-12,13,14].Theimprovements are substantial, with reductions of
99.8% in most cases, except for one design where we observe a minimal -0.08%
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change. The PDP improvements are also remarkable, ranging from 81% to
98%.Similarly,the proposed NOR gate achieves significant power consumption
reductions of 98% compared to the TNOR designs in [9, 11, 12, 13, 14], with one
design showing a 36.9% improvement.The table 11 and 10displaysoutcome results for
the proposed Three-valuedMultiplier circuit (TMUL) and three-valuedHalf adder
circuit (THA) incompared against existing designs. The suggested ternary half adder
circuit demonstrates significant power consumption reductions compared to the THAs
reportedin[9,10-11, 13, 14].

Specifically, we see improvements of 98% in most cases, with one design showing
a -10% change (a worse value). The PDP improvements are also substantial, ranging
from 97.6% to 99.8% and proposed TMUL circuit also shows performance gains. we
achieved power usage reductions of 98%, 18%, 98%, and 98%, respectively. While
CNTFETs hold great promise for nanoelectronics, they are still a developing
technology.

7 Conclusion

Ternary computing is becoming increasingly practical thanks to recent technological
progress, and this area has seen considerable research activity. For high-performance
three-valued logic gate based on CNTFETs, the study suggested a novel design
technique solution. Simulations are performed using the Synopsys HSPICE program
to check the correct functioning of the suggested circuits’ CNTFET-based TNOR,
STI, TNAND, and gates. We also designed and implemented a three-valued
Multiplier and a three-valued adder to show the applicability of these gates. Our
proposed circuits offer superior performance, particularly in energy(PDP) and power
usage, in comparison with the existed designs. Therefore, we conclude that our design
methodology is an effective and viable approach for reducing power and energy
usage, making these circuits suitable for long run battery duration is crucial for

devices that uses less power.
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