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Abstract: Ternary logic, a form of multi-valued logic (MVL), presents a promising alternative to
traditional binary logic by enhancing computation efficiency, circuit density, and power savings. This
study conducts a comparative analysis of two ternary half adder (THA) designs: a multiplexer-based
approach and a decoder-based approach, implemented using carbon nanotube field-effect transistors
(CNTFETs). The multiplexer-based THA utilizes 90 transistors, while the decoder-based design
employs 74 transistors. Both designs were simulated using HSPICE with Stanford’s 32nm CNTFET
technology at a supply voltage of 0.9V. The results highlight the trade-offs between transistor count,
power consumption, and operational speed, providing insights into the efficiency and suitability of each
design for low-power, high-performance ternary arithmetic circuits. The comparative evaluation
underscores the advantages and limitations of multiplexer and decoder-based architectures in the
context of nanoscale computing platforms.

1. INTRODUCTION

The electronics industry is increasingly focused on the miniaturization of integrated circuits to achieve higher
performance, reduced power consumption, and smaller physical footprints [1-3]. In alignment with Moore’s
Law, the semiconductor industry continuously works to shrink the dimensions of metal-oxide-semiconductor
field-effect transistors (MOSFETSs), effectively doubling the number of transistors on a chip with each
technology node [4]. However, as technology advances into the sub-32nm regime, MOSFETs encounter several
critical challenges [5]. These include short-channel effects (SCESs), reduced gate control, higher power density,
increased device variability, and significant subthreshold leakage currents [6]. These factors collectively
degrade device performance and limit the feasibility of MOSFETSs in energy-efficient applications [6].To
address these limitations, alternative transistor technologies are being explored. Carbon nanotube field-effect
transistors (CNTFETS) have gained substantial interest due to their excellent electrical properties and superior
energy efficiency. Similar in operation to MOSFETs, CNTFETs are well-suited for nanoscale circuit design,
making them a strong candidate for next-generation electronics [7,8]. Conventional digital systems operate
using binary logic, where inputs and outputs are restricted to two discrete states—‘0’ (0V) and ‘1’ (VDD).
Binary logic gates are foundational elements in electronic devices such as calculators and computers, forming
the basis of digital computing [9]. Despite their widespread use, binary logic circuits suffer from scalability
issues. As complexity increases, the number of required interconnections grows, leading to larger chip sizes
and greater energy and power demands [10-11]. Multiple-valued logic (MVL) presents a promising solution
by extending logic beyond two states. MVL gates, capable of handling more than two logic levels, offer several
advantages such as improved data compression and a significant reduction in interconnect complexity for
complex circuits [12]. While the theoretical optimal base for MVL is the mathematical constant e
(approximately 2.718), hardware constraints necessitate the use of integer bases. Among these, ternary logic
(base-3) has emerged as the most practical and efficient choice [13,14]. Ternary logic systems have
demonstrated the potential to reduce chip area by up to 70% and power consumption by up to 50% when
compared to traditional binary systems [15]. Arithmetic circuits, especially adders and multipliers, are critical
components in digital architectures. These components are extensively used in very-large-scale integration
(\VLSI) applications, including digital signal processing (DSP), microprocessors, and image or video processing
systems [6,8,16,17]. Incorporating ternary logic with CNTFET technology in these systems offers a powerful
approach for achieving high-performance, compact, and energy-efficient designs. A carbon nanotube field-
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effect transistor with many channels (multi-CNTFET) is depicted in the image below. The device is positioned
on a substrate in the front view (Fig. 1(a)), which is covered with a bulk dielectric layer that acts as an insulating
base. The gate electrode is electrically isolated from the channel region by a gate dielectric layer placed above
it. The source and drain terminals, which are positioned on either side of the gate, have their current flow
modulated by the centrally situated gate electrode. A voltage applied to the gate allows electron transport across
the channel's doped carbon nanotubes (CNTSs), which link the source and drain. The device's layout is shown
in the top view (Fig. 1(b)), which also highlights important structural factors. The distance across which the
CNTs extend is indicated by the channel length (Lch), and the gate is symmetrically positioned between the
source and drain terminals. To improve device performance and reduce short-channel effects, areas known as
Lightly Doped Drain (Ldd) and Lightly Doped Source (Lss) are added. The pitch between neighboring CNTs
and the gate width(Wgate) are additional crucial variables that have a big impact on the device's integration
density and current carrying capacity. High-speed operation, enhanced scalability, and lower power
consumption are just a few benefits that this multi-CNTFET arrangement offers for nanoscale electronics. The
multi-threshold voltages (Vth) approach is the appropriate method for creating and putting into practice ternary
circuits, as mentioned in [18]. One well-known method for creating multi-threshold designs in a MOSFET is
body biasing. Delivering biasing to most MOSFETs with different voltages is a challenging and delicate
procedure that mostly occurs during the fabrication process [9,19]. Circuits with multiple Vth can be designed
and implemented using CNTFETs; the necessary Vth is achieved by considering the proper CNT diameters [4].
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‘ ‘ ‘ ILss
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FIGURE 1. A multi-CNTFET [8], (a) Front-view and (b) Top-view

2. PRELIMINARIES

2.1 CNTFET:

Carbon Nanotubes (CNTs) are nanoscale cylindrical structures made of rolled graphene sheets and are classified into
two types: single-walled carbon nanotubes (SWCNTSs), consisting of a single graphene cylinder, and multi-walled
carbon nanotubes (MWCNTs), which comprise two or more concentric cylinders [21,22]. The electronic properties of
a SWCNT are determined by its chirality vector, represented by the integer pair (n, m), which defines the arrangement
of carbon atoms along the tube. SWCNTs can behave either as conductors or semiconductors depending on the values
of n and m. If the difference (n — m) is a multiple of 3 (i.e., n — m = 3k, where £k is a positive integer), the SWCNT
exhibits metallic properties and is suitable for use as an interconnect. Conversely, if (n — m) is not a multiple of 3, the
SWCNT exhibits semiconducting behavior and can be used as the channel material in field-effect transistors (FETs)
[21,23]. As shown in Fig. 1, the structure of a multi-CNTFET is illustrated. Similar to CMOSFETs, CNTFETs operate
based on a threshold voltage (V<sub>th</sub>) that controls the gate to switch the device on or off. However, what
distinguishes CNTFETs is their ability to tune the threshold voltage through the selection of CNT diameters. This
unique characteristic allows the design of multi-threshold voltage (multi-V<sub>th</sub>) circuits, offering greater
flexibility for digital circuit design. The threshold voltage of a CNTFET can be calculated using Equation (1) [24,25].

_Eg _ V3 avpy

. 043
Ven = -

2¢ 3 eDCNT _ DenT

@)

where Vr=3.033eV is the n-n band energy of ca rbon in tight bonding model, a=0.249nm is gap between carbon atoms,
eiselectron- charge, and DCNT is CNT diameter, that is calculated by Eq. (2) [24,25]:
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The CNTFET device’s gate width, denoted by WGate, is equated by Eq. (3), whereas pitch is gap between the two
CNTs and ntube is nanotubes number [24,25].

TABLE 1. The Vth values and ON/OFF conditions of CNTFETS, categorized based on the chiral values employed [5]

WGate = pitch x (ntybe- 1) +DcNT ©)
CNTFET Chiral value (n, Vth VGs
device m) V)

0 0.45 0.9

P- type (10,0) -0.56V ON OFF OFF

(19,0) -0.29Vv ON ON OFF
N- type (10,0) 0.56V OFF OFF ON

(19,0 0.29v OFF ON ON

Table 1 summarizes the threshold voltage (V<sub>th</sub>) requirements for CNTFETS in their ON and OFF states
[5]. For instance, a CNT with chirality (10, 0) exhibits a relatively high threshold voltage of 0.56 V, whereas a CNT
with chirality (19, 0) has a lower threshold voltage of 0.29 V, demonstrating the direct influence of chirality on device
behaviour. Various types of Carbon Nanotube Field-Effect Transistors (CNTFETS) have been introduced in the
literature, each offering unique advantages, limitations, and operational characteristics. One widely studied type is the
Schottky-Barrier (SB) CNTFET, which operates through electron tunneling at the metal-semiconductor junction
located at the source—channel interface. This type is formed by directly contacting the carbon nanotube (CNT) with
metal, creating a Schottky Barrier. However, the presence of this barrier restricts the device’s transconductance and
on-state current, limiting its performance in high-speed applications. Another variant is the Band-to-Band Tunneling
(BTBT) CNTFET, which enables electron flow by allowing tunneling through the energy bandgap of the device.
Although this type typically exhibits lower on-state current, it offers excellent cut-off characteristics and is particularly
effective for low-power and sub-threshold applications due to its energy efficiency.The MOSFET-like CNTFET is
designed to replicate conventional MOSFET behavior while offering enhanced performance. This is achieved by
eliminating the Schottky Barrier at the source—channel interface through the formation of heavily doped CNT regions
at both the source and drain terminals. As a result, the device achieves higher on-state currents, making it well-suited
for high-speed, fast-switching digital applications [4,6,21,26].

TABLE 2. Basic ternary operations [23].

Operations Expression
OR xit+xj=max(xi,xj)
AND xi.xj=min{xi,xj}
NOT X =2—x

2.2. Ternary Systems:

In place of the conventional binary system, ternary logic employs three values [23]. In 1840, Thomas Fowler made the
initial proposal [27]. Ternary can be described as either unbalanced {0, 1, 2} or balanced {-1, 0, 1}. The imbalanced
mode, which is equal to { 0V, VDD/2, VV DD } [1,18], is employed in this study.The AND, OR, and NOT operations
are described in Table 2 [23]. Universal gates and inverters are the basic building blocks of ternary systems. The
equations given in Table 2[23] govern how these gates operate. An inverter is the most commonly used fundamental
gate in digital design. Standard, positive, and negative inverters (STI, PTI, and NTI, respectively) are the three types of
inverters found in ternary systems. The ternary input is X = {0 -2}, the NTI and PTI are represented by x)and xp,
respectively, and the STI of & is indicated by the overline x. Equation 4 provides their related equations [28]. Figure 2
displays the PT1 and NTI schematics [5].

0,i 0
o »
_(2if x#2
= {0, ifx=2 (4b)
X=2-x (4c)

The Eqgs. (5a) and (5b) are used to define the NAND (TNAND) and NOR (TNOR) as two-input functions for two
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inputs A and B [23].

TNAND = min{4, B} (5a)
TNOR = max{4, B} (5b)
ml E — | 5
7 — — . , —a —
Bt

B1
0.56

L 1

FIGURE 2. Circuit diagrams of the (a) NT1 and H)) PTI

0.29

Fig.2. shows the circuit diagrams of NTI and PTI. NTI is one of the types of inverters used in ternary logic systems,
which operate using three distinct voltage levels instead of the two levels used in binary logic. These ternary values are

usually represented as: 0 (Low / GND),1 (Middle / vdd/z), 2 (High / vg44). PTI is another type of ternary inverter, just
like NTI, but it behaves oppositely in some sense. In a ternary logic system with three voltage levels: 0 — Low
(Ground), 1 — Mid-level (V44/,),2 — High (v44).

3. CNTFET-BASED TERNARY CIRCUITS

Ternary Half — Adder

A Ternary Half Adder (THA) is a two-input, two-output circuit that adds two ternary inputs, A and B, and produces
two outputs: sum and carry. The behavior of the THA is defined by its truth table, as shown in Table 3. To implement
the THA, Jaber et al. [10] began with Equation (6), which represents the conventional THA formulation commonly
used in previous works [15,36], and derived a simplified version presented as Equation (7).

TABLE 3. THA truth table

Input B Output carry

A sum

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

Multiplexer Based 2 2 ! ! Ternary Half Adder
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A 3:1 multiplexer is a combinational logic circuit that selects one of three input signals Io, I, & I and routes it to a single
output B, based on the values of the selection lines. A Ternary Multiplexer (TMUX) is a digital circuit used in multi-
valued logic systems to select one of three input signals Io, I, or I based on a ternary control signal Z. Unlike traditional
binary multiplexers, the control signal in a TMUX can assume three discrete logic levels: 0, 1, or 2. This allows the
TMUX to route one of the three inputs to the output B depending on the value of Z. Specifically, when Z = 0, the output
B is equal to Io; when Z = 1, the output is Ii; and when Z = 2, the output is I.. Such functionality is highly efficient in

ternary logic systems, as it reduces the need for multiple binary components and enhances circuit compactness and
performance.

Z

Zpa—2

o = :
0.56 Z,=2
iy O
Z o=
. 0.56 _I_ B=1I,
P z1=0

FIGURE 5. Cktofternary multiplier, transistor-level structure[10]
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Table 4. Selection Table
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TABLE 5. Truth table of Ternary Multiplexer
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A Ternary Multiplexer (TMUX) routes one of three input signals to the output based on the value of a ternary control
signal Z, which can take values 0, 1, or 2. TMUXes are essential components in ternary logic design, serving as
foundational elements for implementing various ternary functions. They are widely used in the construction of
arithmetic circuits such as ternary half adders and full adders by enabling efficient signal selection and logic function
realization. TMUX-based designs have been shown to simplify the implementation of ternary systems, making them
highly suitable for multi-valued logic architectures. In ternary computing, where each signal represents one of three
possible states, TMUXes contribute to improved data handling, reduced circuit complexity, and enhanced processing
efficiency. Their usefulness also extends to communication systems, where they enable the simultaneous transmission
of multiple data types—such as audio and video—over a single line, increasing overall bandwidth utilization. Figure
4 presents an existing Ternary Half Adder (THA) circuit, verified against its corresponding truth table (Table 3). The
design includes three multiplexers: the first, on the left, takes inputs 1, 2, and 0 and selects one based on input X; the
second, in the center, takes 2, 0, and 1, also selected by X; and the third, on the right, takes inputs X and 2, selected
based on input Y. The outputs of the first and second MUXes feed into the third MUX, which generates the final
output for the sum function of the THA.

™ PN

2 1 SUM=0
0—1= 2
X=2
\I Y=1
2 0]
0 1
112
xX=2
O—N o NI
O 1 (M T Carmry=1
| —t? o
X=2 Y=1
o NI
1 1
112
A=2

FIGURE 6. Schematic version of Mux- Based THA proposed by Jaber et al. [10]
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When the Sum circuit is evaluated with X =2 and Y = 1, the first MUX (on the left) selects the input labeled "2"
corresponding to X = 2, producing an output of 0. Similarly, the second MUX (center) also selects its "2" input due
to X = 2, resulting in an output of 1. The third MUX (on the right) makes its selection based on Y = 1, thereby
choosing the output from the second MUX, which is 1, and ultimately produces a final output of 0.

Sum=2-(AgB2 + A1B1 +A2Bg)+1 - (AgB1 + A1Bo + A2B2)
Carry= 1-(A1B2 + A2B1 +A2B?) 6)
Sum=A-Bg +(1.40 +2. 41 +0.42).B1 + (2. A0 +0. A1 + 1. A2). B2
Carry=0.B0 +(0. A0 +0. A1 +1. A2 ).B1 +(0.4A0 +1. A1 +1.A2).B? )
A Ternary Half Adder (THA) can be constructed using six 3:1 Ternary Multiplexer (TMUX) circuits, as represented by

Equation (6). Each 3:1 TMUX operates by selecting one of three input signals Io, 11, or I based on the value of a selection
signal X, and forwarding it to the output Z. The operation of the 3:1 TMUX is defined by Equation (8), as outlined in [10].

Z=10xQ + I1x1 + I2x2 (83)
Io, ifx =0
Z={Iifx=1
12, ifx=2 (8b)

As illustrated in Fig. 3, Jaber et al. [10] introduced a CNTFET-based 3:1 TMUX design that functions without a ternary
decoder, utilizing only 15 transistors. Building on this structure, they designed a CNTFET-based Ternary Half Adder
(THA), shown in Fig. 4, which consists of 90 transistors. In this implementation, the inputs A and B are used as selection
signals for the TMUX circuits. However, a major drawback of the design is the need to repeatedly generate the selection
signals, leading to increased circuit complexity.

Decoder Based Ternary Half Adder

A decoder-based Ternary Half Adder (THA) utilizes ternary decoders to implement the logic required for generating sum
and carry outputs from two ternary inputs. In this approach, the inputs A and B are first passed through ternary decoders,
which convert the input values into a set of control signals. These signals are then used to drive logic blocks that compute
the appropriate sum and carry outputs based on the ternary truth table. This design offers structured logic implementation
and simplifies circuit synthesis. However, it typically results in higher transistor count and increased power consumption.
In one such design, a total of 74 CNTFETs are used, making it less efficient than transistor-optimized alternatives. Despite
its overhead, decoder-based THA designs are useful in applications where modularity and clarity in logic expression are

prioritized.
A _.| D1 B —-I D2 Sum circuit

S1

L
s |

SE

Carry circuit

Ao Ay Ay A By, By B, By

FIGURE 7. Block diagram of ternary half adder [42]
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FIGURE 9. Sum Circuit
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The Ternary Half Adder, a key part of ternary logic systems, is depicted in the figures along with its design and
operation. The block diagram in Figure 5 shows two input decoders that transform ternary values into signals
that resemble binary before sum and carry circuits handle them. A middle carry stage and a carry encoder are
used in the carry circuit to determine the carry output, while the sum circuit uses intermediate signals (Suml
and Sum?2) and a sum encoder to compute the ternary sum. The decoder circuit, shown in Figure 6, uses CMOS
transistors to transform ternary inputs into two output signals (A0, Al) for additional processing. The sum
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circuit is described in full in Figure 7, which displays a logic system based on transistors that can carry out
ternary addition. In a similar manner, Figure 8 illustrates the carry generating method, showing how the circuit
generates the carry output by evaluating various ternary input circumstances. Because CMOS transistor-based
logic is used throughout the design, multi-valued logic computations are more efficient due to lower circuit
complexity and power consumption. The decoder-based ternary half adder consists of 74 transistors. The main
disadvantages of decoder-based ternary half adders are higher power consumption and slower speeds. Using a
decoder to create a ternary half adder results in decoding all ternary input combinations, which increases the
size and complexity.

Waveforms
FIGURE 11. Stimulation outputs for NTI
FIGURE 12. Stimulation outputs for PTI
K16
R
::< P 100 150 0 250 03 %0 wn . e e 5 w00 = 700 728 e o

FIGURE 13. Simulation outputs for THA
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4. RESULTS AND DISCUSSIONS

TABLE 6. Comparison for Ternary Systems

Ternary POWER (n W) DELAY (ps) PDP (zJ) EDP (qJs) No. of Transistors
Systems
NTI 4.8313 24.941 120.49 3.0051 2
PTI 5.4381 19.707 107.16 2.1119 2
TMUX 4.4162 46.062 203.41 9.3698 15
TABLE 7. Comparison for Ternary Half Adder
Ternary POWER (nW) DELAY (ps) PDP (z J) EDP (g Js) No. of
Half- Adder Transistors
Mux- Based 37.952 79.957 3034.5 242.63 90
Decoder-Based 30.728 76.248 23429 178.645 74
Ternary Systems
50
40
30
20
10
0 . . | -
POWER (n W) DELAY (ps) EDP(qglJs) No. of
Transistors
ENTI mPTI TMUX
FIGURE 14. Results for Ternary Systems
PDP (z)J)
250
200
150
100
50
0
NTI PTI TMUX
FIGURE 15. PDP for Ternary Systems
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FIGURE 16. Results for Ternary Half-Adder
PDP (z))
3500
3000
2500
2000
1500
1000
500
0
Half- Adder Mux- Based Decoder-Based

FIGURE 17. PDP for Ternary Half-Adder

The comparative analysis of ternary systems and half-adders reveals clear performance distinctions between different designs.
For ternary systems, NTI and PTI demonstrate lower power consumption (4.8313 nW and 5.4381 nW, respectively) and
delay compared to TMUX (4.4162 nW, 46.062 ps), but TMUX requires significantly more transistors (15 vs. 2). In ternary
half-adders, the decoder-based design outperforms the mux-based approach, consuming less power (30.728 nW vs. 37.952
nW), exhibiting lower delay (76.248 ps vs. 79.957 ps), and achieving superior energy efficiency with a 22.8% reduction in
Power-Delay Product (PDP) (2342.9 zJ vs. 3034.5 zJ). Additionally, the decoder-based design uses fewer transistors (74 vs.
90), making it more compact and efficient. These results highlight the decoder-based THA as the preferred choice for low-
power, high-speed ternary arithmetic applications.

5. CONCLUSION

This study demonstrates that the decoder-based ternary half adder (THA) outperforms the multiplexer-based design in terms
of power efficiency (30.728 nW vs. 37.952 nW), speed (76.248 ps vs. 79.957 ps), and transistor count (74 vs. 90), making it
a superior choice for CNTFET-based ternary logic circuits. The decoder-based approach achieves a 22.8% improvement in
power-delay product (PDP), highlighting its suitability for low-power, high-performance applications. These findings
validate the potential of *CNTFET technology™* in advancing multi-valued logic systems, offering a promising solution to
the limitations of traditional binary designs in nanoscale computing. Future work could explore optimized ternary full adders
and further scalability of CNTFET-based circuits for next-generation electronics.
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