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Abstract—Ternary logic is a promising alternative to the
conventional binary logic in VLSI design as it provides the
advantages of reduced interconnects, higher operating speeds
and smaller chip area. This paper presents a pair of circuits
for implementing a ternary half adder using carbon nanotube
field effect transistors (CNTFETs). The proposed designs combine
both futuristic ternary and conventional binary logic design
approach. One of the proposed circuits for ternary to binary
decoder, simplifies further circuit implementation and provides
excellent delay and power advantages in data path circuit such
as adder. These circuits have been extensively simulated using
HSPICE to obtain power, delay and power delay product.
The circuit performances are compared with alternative designs
reported in recent literature. One of the proposed ternary adders
has been demonstrated power, power delay product improvement
up to 63% and 66% respectively, with lesser transistor count. So,
the use of these half adders in complex arithmetic circuits will
be advantageous.

Keywords—Carbon nanotube, Carbon nanotube field effect
transistor, ternary half adder, HSPICE, multiple-valued logic.

I. INTRODUCTION

A large part of the success of the MOS transistor is due to
its scalability to much smaller dimensions, which results in bet-
ter performance. This trend still continues in accordance with
Moore’s law, and silicon-based technology has gone through
a phenomenal growth in the last few decades. However, as
MOSFETs are approaching their limiting size in the nanometer
regime, the semiconductor industry is looking for different
materials and alternative devices to integrate with the current
silicon-based technology and, in the long run, possibly replace
it. Over the past few decades, carbon nanotubes (CNTs) have
attracted significant attention in the field of electronics, due
to their unique structure and excellent physical properties [1]–
[8]. Currently, the use of CNTs in the channel region of FET
is being investigated experimentally to obtain a new device
called carbon nanotube field effect transistor (CNTFET), first
demonstrated in 1998 [9]. Because of high electron mobility,
near ballistic transport, high mechanical and thermal stability
of CNTs, CNTFETs are being considered as one of the most
promising candidates for post-silicon electronics [10]–[13].
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To the best of knowledge of the authors, there is no
definitive technique available for the growth of CNTs with
required orientation, but the investigations are in progress. A
recent paper by George S. et al. [14] presented a thorough
review on CNTFET. In this, the fabrication of CNT as well
as CNTFET, methods to obtain a particular type of CNT,
purification and proper placement of CNT are discussed. With
the current trend of widespread interest in CNTFETs, in near
future it may be possible to place required CNTs in the
channel region. Though the investigations related to the issues
associated with fabrication and purification of CNTs are still
continuing, we can explore the possibility of novel circuits
using CNTFET for high performance implementation.

Nowadays, many studies are going on for designing and
exploring the application of CNTFETs in logic gates and
benchmarking their performance advantage over the existing
MOS technology. The CNTFET circuit application includes
binary logic gates [6], [15]–[18], ternary logic gate [5], ternary
and binary memory cells [7], [17] and multiple-valued logics
[8], [19]. The application of CNTFETs for multiple-valued
logic has gained keen interest as the threshold voltage of
CNTFETs can be controlled by proper selection of the chiral
vector of the CNT. Logic circuits as well as different adders,
multipliers and memories are also designed to obtain less
delay, lower power consumption and to have reduced inter-
connection complexity.

Currently on-chip interconnections have become a serious
challenge as more and more modules are packed into a chip.
In a typical binary circuit chip 70% of the area is occupied by
interconnects, 20% for insulation and only 10% for transistors
[20]. These interconnects dissipate lots of energy, increase
response time, and cause coupling effects by adding more
capacitance, resistance, and inductance to a circuit. Multiple-
valued logic (MVL) is an alternative solution to interconnect
complexity and growing power dissipation by wires. It reduces
the amount of wires inside and outside a chip dramatically as
more complex designs require a large number of wires for
connecting circuit components [5].

Addition is the basic operation involved in most of the
arithmetic processing. In the present work two circuits have
been proposed for a ternary half adder. Both the circuits exploit
the advantages of both multi level ternary and simplified binary
circuits. One of the proposed ternary to binary decoder reduces
the computational resource required for implementation of
ternary adder. This adder circuit gives power and power delay
product (PDP) advantages up to 63% and 66% with less
transistor count in comparison to a recent reported work
[5]. The rest of the paper is organized as follows. A brief
review of multiple-valued logic, CNTFET and its suitability
for ternary logic are discussed in section II. Some of the basic
ternary logic gates and the previously best reported ternary half
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Fig. 1. Structure of a CNTFET using multiple CNT in the channel region
[8].

adders are discussed in section III. Our proposed circuits, their
implementation and comparisons with other reported circuits
are analyzed in section IV. The final concluding remark is
given in section V.

II. CNTFET AND ITS SUITABILITY FOR TERNARY LOGIC

Unlike conventional binary digital computations, MVL
uses more than two logic states. Nowadays, ternary logic (or
three-valued logic) has attracted considerable interests due to
its potential advantages over binary logic for designing digital
systems. Simplicity and efficiency of the design, requirement
of less memory and less interconnections, reduction of chip
area, high bandwidth parallel and serial data transfer, high
potential for increasing computational speed, reducing switch-
ing activity, and implementation of many arithmetic and logic
functions in a single chip are some of the advantages of MVL
[5], [7], [8]. In this work, we have concentrated on ternary
logic which is a MVL with three states used as 0, 1, and 2 to
represent the ternary values low, middle and high, respectively.

The structure of a CNTFET is similar to conventional
MOSFET in which semiconducting single-wall CNTs are used
in the channel region. The suitability of CNTFET for the
application in ternary logic lies in the fact that the threshold
voltage (Vth) of the CNTFET can be controlled by proper
selection of the chiral vector of the CNT. This is because the
threshold voltage for a CNTFET depends on the band gap of
the CNT which depends on the orientation of the graphene
sheet to obtain the CNT. Generally the chiral vector for a
particular CNT is represented by two integers (n, m), which
depends on the orientation of the graphene sheet to obtain the
CNT [21]. Further the diameter of a CNT in terms of (n, m)
is given as [21]:

dCNT =
a

π

(
n2 +m2 + nm

)1/2
(1)

a = | ~a1| = | ~a2| = 1.42×
√
3 = 2.46Ao

Where ~a1 and ~a2 are the primitive lattice vectors of
graphene.

The structure of a CNTFET is shown in Fig. 1. In this,
undoped semiconducting nanotubes are placed under the gate
as channel region, while heavily doped CNT segments are
placed between the gate and the source/drain to allow for a

Fig. 2. Current-voltage (I-V) characteristics of the CNTFET obtained using
SPICE simulation of Standford’s compact model [22], [23].

low series resistance in the ON-state. When the gate potential
increases, the device is electro statically turned ON or OFF
via the gate and the threshold voltage of the intrinsic CNT in
the channel which is an inverse function of the diameter is
given as [21]:

Vth =
aVπ√
3edCNT

(2)

Here Vπ = 3.033 eV is the carbon π−π bond energy in the
tight binding model, e is the unit electron charge and dCNT is
the diameter of the CNT used in the channel. It is evident from
(2) that the threshold voltage of a CNTFET varies inversely
with the diameter of the CNT and hence can be adjusted to a
required value by choosing a proper chiral vector. This is the
major advantage of CNTFETs to be used for ternary logic.

The current-voltage (I-V) characteristics of the CNTFET
with different gate to source voltages (Vgs) are shown in Fig.
2. This shows that the characteristic of CNTFET is similar
to MOSFET. Because of the possibility of different threshold
voltage and MOSFET like (I-V) characteristics, CNTFET is
suitable for ternary logic implementation.

III. REVIEW OF TERNARY LOGIC GATES AND HALF
ADDER

In this section we discuss the basics of ternary logic and
its representation in terms of voltage level. Then some of the
ternary logic gates used for designing half adders are given.
The best recent reported half adder circuits from literature are
also presented.

The voltage levels used in terms of Vdd to represent these
logic states 0, 1 and 2 are 0, Vdd/2 and Vdd respectively. Using
this ternary logic various logic gates like inverter, NAND,
NOR, AND, OR are reported in literature [5].

A. Inverter
The three types of inverters used in ternary logic are

standard ternary inverter (STI), positive ternary inverter (PTI)



1536-125X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNANO.2017.2649548, IEEE
Transactions on Nanotechnology

IEEE TRANSACTIONS ON NANOTECHNOLOGY 3

Fig. 3. Symbols of (a) STI and (b) PTI (c) NTI.

Fig. 4. Different gates used in ternary logic.

and negative ternary inverter (NTI) [5]. The symbols and truth
table for these three inverters are given in Fig. 3 and Table-I
respectively.

B. Other different logic gates
For understanding other logic gates, we will assume

Xi, Xj are two inputs given as Xi, Xj = 0, 1, 2. Then the
basic logical operations in ternary logic can be understood as
follows:

OR : Xi +Xj = max(Xi, Xj)

AND : Xi.Xj = min(Xi, Xj)

NOR : Xi +Xj = max(Xi, Xj)

NAND : Xi.Xj = min(Xi, Xj)

The various symbols used for these ternary logic gates are
shown in Fig. 4.

C. Ternary to binary decoder
A ternary to binary decoder used in previous literature

[5] is an one-input, three-output combinational circuit and
generates unary functions for an input x. The response of the
ternary decoder to the input x is given by

Yk =

{
2 if x = k
0 if x 6= k

Where both x and k can take any values 0, 1 and 2.

TABLE I. TRUTH TABLE FOR STI, PTI AND NTI

Input Output for STI Output for PTI Output for NTI

0 2 2 2

1 1 2 0

2 0 0 0

Fig. 5. Ternary half adder designed by Dhande [24].

Fig. 6. Ternary half adder replacing portion of ternary logic by binary logic
gates [5].

D. Ternary half adder

A ternary half adder using these ternary logic gates de-
signed by Dhande and Ingole [24] is shown in Fig. 5. Here
A, B are the two ternary inputs and Sum, Carry are the
two ternary outputs. The outputs (A0, A1, A2, B0, B1, B2)
obtained by the decoder circuit used by Dhande are in binary
form. Considering this opportunity, an improved version of
adder is designed and reported by Lin et.al [5]. In their design
[5], they have replaced the ternary logic gates with binary logic
gates as shown in Fig. 6. This replacement of ternary logic
gates by binary logic gates has reduced the transistor count
and hence gives improved performance.

IV. PROPOSED TERNARY HALF ADDER

In the proposed work two simple approaches for designing
efficient adders are demonstrated. The first approach is to
reduce the circuit complexity in the binary logics of Fig. 6
using simplified transistor level circuit. In the second approach
we have used a novel two output ternary to binary decoder
circuit. This reduces the circuit complexity for Sum and
Carry generation in half adder. Then both the adders are
implemented and performances are compared.
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Fig. 7. Transistor level implementation of 3 AND 1 OR gate.

Fig. 8. Block diagram of the proposed half adder (Design2).

A. Simplified half adder

The ternary half adder circuit given in Fig. 6 uses binary
logic gates. This circuit is implemented using three groups of
3 AND and 1 OR logic gates. One such group of AND-OR
circuit is shown inside the bold block in Fig. 6. All three such
groups are replaced by transistor level circuit as shown in Fig.
7. This reduced the number of transistors from 130 in Fig. 6
to 94 after using the transistor level implementation of Fig. 7.
This circuit is considered as Design1 and referred in rest of
the manuscript with this name.

B. Half adder using new decoder

The ternary half adder circuit given in Fig. 6 uses an one-
input, three-output ternary to binary decoder. In the proposed
design the decoder is replaced by one input and two output
ternary to binary decoder. This binary decoded outputs are used
to calculate intermediate sums (Sum1, Sum2) and middle
carry (Cm) in binary. Finally the binary intermediate sums and
carry are encoded back to ternary using appropriate encoder
circuits. This is named as Design2 and the block diagram of
the proposed approach is given in Fig. 8. The detail circuits
of each block are explained in this section.

Fig. 9. Ternary to binary decoder circuit.

1) Ternary to binary decoder: Generally a ternary signal
consists of three levels: low, mid and high and are represented
as 0, 1 and 2. For a ternary signal A the outputs of the
decoder circuits are A0 and A1 for which the truth table is
given in Table II. The transistor level decoder circuits that
generate A0, A1 and their complement are shown in Fig. 9(a)
and Fig. 9(b). Here for designing CNTFETs, we have used
CNTs of 3 different chiral vectors (19, 0), (13, 0) and (10,
0). For these three CNTs the diameters are obtained by using
(1) as 1.487nm, 1.018nm and 0.783nm. Further, using (2), the
threshold voltages for the corresponding CNTFETs are found
to be 0.293, 0.428 and 0.557 respectively. By selecting these
three combinations of CNTs, proper switching of transistors
are done and the required outputs are obtained. For a typical
input value of A as 1 (0.45V), T2 and T5 are ON whereas T1
and T6 are OFF . This generates values for A0 as low (0V)
and A1 as high (0.9V). This makes transistors T3, T8 ON
and T4, T7 OFF and finally the values for A0 is high (0.9V)
and A1 is low (0V). Similarly for input values of 0 and 2 the
required outputs are obtained.

2) Sum Generator: An extensive truth table for the pro-
posed half adder along with the binary decoded signals A1, A0,

TABLE II. TRUTH TABLE FOR TERNARY TO BINARY DECODER

Input Output

A A1 A0

0 0 0

1 0 2

2 2 2

TABLE III. EXTENDED TABLE FOR HALF ADDER

A B Sum Carry A1 A0 B1 B0 Sum1 Sum2 Cm
0 0 0 0 0 0 0 0 0 0 0
0 1 1 0 0 0 0 2 2 0 0
0 2 2 0 0 0 2 2 0 2 0
1 0 1 0 0 2 0 0 2 0 0
1 1 2 0 0 2 0 2 0 2 0
1 2 0 1 0 2 2 2 0 0 2
2 0 2 0 2 2 0 0 0 2 0
2 1 0 1 2 2 0 2 0 0 2
2 2 1 1 2 2 2 2 2 0 2
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Fig. 10. Circuits for Sum Generator (a) Sum1 (b) Sum2 (c) encoder.

TABLE IV. PERFORMANCE COMPARISON

Circuit Transistor Delay Percentage Power Percentage PDP Percentage
Type Count (psec) improvement (nW) improvement ×10E−17J improvement

of delay w.r.t. [5] (%) of power w.r.t. [5] (%) of PDP w.r.t. [5] (%)

Lin [5] 130 18.09 673.06 1.2176

Design1 94 17.62 2 588.63 12 1.0372 14.8

Design2 66 16.52 9 249.06 63 0.4114 66

B1 and B0, intermediate sums (Sum1, Sum2) and middle
carry signal (Cm) are given in Table III. The analysis of the
table shows that the Sum is 1 only for three combinations of
A1, A0, B1 and B0, viz, (0, 0, 0, 2), (0, 2, 0, 0) and (2, 2, 2,
2). The same are indicated in Sum1 column in the table with
output as 2 for those specific input combinations. Similarly it
is observed that Sum is 2 only for three combinations of A1,
A0, B1 and B0, viz, (0, 0, 2, 2), (0, 2, 0, 2) and (2, 2, 0,
0). The same are indicated in Sum2 column in the table with
output as 2 for those specific input combinations. The Boolean
expressions for Sum1 and Sum2 are given as:

Sum1 = A0.B1.B0 +A1.A0.B0 +A1.B1 (3)

Sum2 = A0.B1 +A1.A0.B1.B0 +A1.B0 (4)

The circuit implementations for Sum1 and Sum2 using
transistors are given in Fig. 10 (a) and (b) respectively. The
outputs of these two circuits, which are in binary form, are
given to a binary to ternary encoder from which we are finally
getting the ternary output. The circuit for the encoder is shown
in Fig. 10(c).

The switching of different transistors depends on the values
of Sum1 and Sum2. For a specific case when both Sum1 and
Sum2 are high (0.9V) then T65 and T66 are ON whereas
T63 is OFF . So there is a direct connection between Sum
and ground. As a result Sum is pulled to ground making the
Sum value 0 (0V). Similarly the required outputs are obtained
for all other possible combinations of Sum1 and Sum2.

3) Carry generator: The observation of the Table III shows
that the carry is 1 for three combinations of A1, A0, B1 and
B0, viz, (0, 2, 2, 2), (2, 2, 0, 2) and (2, 2, 2, 2). The truth
table for the middle carry Cm is given in the last column
of Table III. The Boolean expression for Cm obtained from
binary decoded signals A1, A0, B1 and B0 is given in (5).
The circuit for Cm generation is shown in Fig. 11 (a). Finally
the carry is obtained from Cm using the carry encoder circuit
given in Fig. 11 (b).

Cm = B1.A0 +A1.B0 (5)
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Fig. 11. Circuits for carry generator (a) Cm (b) Carry.

C. Comparative evaluation
The proposed two designs and the previous reported design

[5] are implemented by HSPICE [25] using CNTFET model
[22], [23], [26], [27]. In this model, the Schottky effect is taken
care of, by choosing appropriate values for the parameters Sout
and Dout [23] representing source/drain connectivity. All three
designs are simulated extensively at room temperature with 0.9
V supply voltage and 1 GHz frequency. The transient response
of the circuit is shown in the Fig. 12. All input signals have a
rise time and a fall time of 20ps. A typical rise time delay tr1
is shown in Fig. 12. This is measured when input A is rising
from 0 to 1 and the Sum is changing from 0 to 1. Similar
procedure is followed to obtain all possible rise time delays
and fall time delays for Sum and Carry. The average of all
those delays is considered as the delay of the circuit and noted
in Table IV. The average powers consumed by the circuits are
also reported in Table IV. Then using these two performance
parameters the power delay product is obtained for each design
and listed in Table IV.

The analysis of the table indicates that for the proposed
designs, the circuit complexity is less than the previous re-
ported design [5]. The transistor count of Design1 is reduced
from 130 to 94. This design also consumes 12% less power
with less delay. The PDP is reduced by 15%. The Design2
with new decoder uses only 66 transistors. The reduction in
delay, power and PDP for this design are 9% , 63% and 66%
respectively, compared to the earlier reported design [5].

V. CONCLUSION

Two improved circuits for ternary half adder are proposed
using emerging futuristic CNTFET devices. Based on simu-
lations with HSPICE, using the CNTFET compact model of
Standford, the circuit performances are compared with the best
reported half adder circuit. Simulation results have confirmed
that the proposed logic circuits achieve power and delay
improvements than the alternative design. One of our proposed
novel design (Design2) gives reduction in delay, power and

Fig. 12. Transient response of the new decoder based circuit.

PDP by 9% , 63% and 66% respectively compared to the
earlier reported design [5]. This approach of adder design
can be used for complex arithmetic circuits using futuristic
CNTFET devices.
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