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Abstract--- An alternative to Binary Logic is Ternary Logic 

Design Technique by which energy efficiency and 

Simplicity can be easily accomplished. The design based on 

Ternary Logic reduces the circuit overheads such as 

interconnects and chip area. Also, CNTFET based designs 

increases the Performance and reduces the Power 

Consumption of the circuit. In this work, Sequential 

Element using Ternary Logic Design and based on 

CNTFET’s are proposed which provides a glimpse over the 

present CMOS technology. 
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I. INTRODUCTION 

Present method of Computations used binary Logic as the 

base, in which there are two truth values: Logic ‘0’ and 

Logic ‘1’.  Ternary Logic has been introduced as an 

extension to two valued logic to analyse circuits in presence 

of propagation delays and oscillations.  In VLSI Circuits, the 

area devoted to interconnection, insulation and devices are 

70 percent, 20 percent and 10 percent approximately [1].  

In a numerical system, the number N is given by N 

= Rd where R is the radix and d is the necessary number of 

digits up to the next highest integer value where necessary.  

If the cost or complexity C in any system is assumed to be 

proportional to R x D [4], then C = k(R x d) = k*[R*(ln N/In 

R)] [2] where k is some constant.  Differentiating with 

respect to R will show that for a minimum cost C, R should 

be equal to e (2.718).  Since in practice R must be an 

integer, this suggests that R = 3(ternary) would be more 

economical than R = 2(binary) [2].  The present CMOS 

technology does not use depletion mode transistors.  The 

prime objective in our work is to minimize the number of 

transistors used, eliminate the use of resistors to lower the 

power consumption, reduce the propagation delay time and 

eliminate depletion mode transistors.  The reduction in the 

number of transistors is main focus as that enables a more 

compact design which utilizes the less chip area. 

In a ternary logic system, three logic levels are 

used (1, 0.5, 0) corresponding to high, middle and low 

voltage.  Ternary Logic is a class of MVL (Multi-valued 

Logic) in which there a more than two truth values. Some of 

the other classes are Quaternary and Pentanary Logic.  The 

Carbon Nanotube Field Effect Transistor (CNTFET) has 

emerged as a viable alternative to the bulk silicon 

transistors.  It is a Low-power and High Performance 

Device due to its Ballistic Transport properties [9].  In 

CMOS based logic circuits the performance depends on the 

body effects using different bias voltages on the base or bulk 

terminal of the transistor.  The Threshold voltage of a 

CNTFET is determined by the diameter of the CNT.   

Therefore, in order to achieve a multi-threshold design, 

CNTs with different diameters are used in a single circuit.  

This in turn implies the employment of different chirality in 

the CNTFETs. In [10], a resistive load design based on 

CNTFET has been initially proposed. The design proposed 

in this paper depends on the proposals made in [11].    

The design of digital hardware system depends on 

some of the important designs which are the inverter, AND 

gate and NAND gate.  In this paper, we have proposed some 

new ternary implementations of digital system like Standard 

ternary inverter, Negative ternary inverter, Positive ternary 

inverter, T-NAND  and T-NOR gate.  In this paper, 

extensive simulation results and analysis of the same is 

shown so as to understand the ternary logic’s high speed 

performance and low power consumption.  For the 

simulation purposes, SPICE language is used in which 

HSPICE simulation tool is accepted for its accuracy and 

speed-up simulations at an industry level. 

II. TERNARY LOGIC  REVIEW 

Ternary logic system is defined by using three significant 

values as compared to binary logic, which uses two values.  

These values are represented as false, undefined and true 

respectively and are denoted as 0, 1 and 2 in this paper.  

According to the definition, any ternary function f(X) with 

variable n {X1... Xn} is defined as a logic function mapping 

{0,1,2}
n
 to {0,1,2}.  The Basic operations of a ternary Logic 

is defined as follows: 

               

                  

                  

   ̅       ……………(1) 

Where – denotes arithmetic subtraction, operations +, • 

denotes the OR, AND in ternary logic arithmetic, 

respectively.  In a binary logic system the universal gates are 

NAND and NOR, which are used to design circuits. The 

fundamental gates in a ternary logic system are the inverter, 

NOR and NAND gates respectively.  The ternary logic 

levels and values are shown in Table I.  

  

Voltage Level Logic Value 

0 0 

1/2Vdd 1 

Vdd 2 

Table. 1 : Logic Values 

 Ternary Inverter A.

A Ternary Inverter is a fundamental gate in ternary logic 

system.  A general ternary inverter is defined as an operator 

with one single input x and three outputs y0, y1 and y2.   
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Thus, for the implementation of ternary inverter, three 

inverters are required. These three inverters are Standard 

ternary inverter (STI), Negative ternary inverter (NTI) and 

Positive ternary inverter (PTI). According to (2) if the three 

y0, y1 and y2 are the outputs, and x is the input then the truth 

table for STI, NTI and PTI is shown in TABLE 2 

Input X STI NTI PTI 

0 2 2 2 

1 1 0 2 

2 0 0 0 

Table. 2: Truth Table for STI, NTI AND PTI 

 Ternary NOR and NAND gates B.

The Ternary NOR and NAND gates are multiple input 

operable gates used in Ternary Logic system.  For the two 

inputs X1 and X2, the functions for the Ternary NOR and 

NAND gates are defined by following two equations. 

 

                ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 

                ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ …………(3) 

Input X1 Input X2 YNAND YNOR 

0 0 2 2 

1 0 2 1 

2 0 2 0 

0 1 2 1 

1 1 1 1 

2 1 1 0 

0 2 2 0 

1 2 1 0 

2 2 0 0 
Table. 3 : Truth Table of  NAND and NOR GATES 

The Truth table for Ternary NAND and NOR gates is shown 

in the TABLE III. 

III. CARBON NANOTUBE FIELD-EFFECT TRANSISTOR 

(CNTFET) 

The CNTFET uses Carbon Nanotube (CNTs) as a channel in 

its electronic device structure. According to the Current 

requirements of the circuit, the multiple number of Carbon 

Nanotube can be used.  Due to this ballistic transport 

property of the channel region (CNT), CNTFETs are a 

definite replacement to existing MOSFET.  The Electronic 

properties of the device are defined by the orientation and 

arrangement of the Carbon atoms in the rolled CNT.  This 

property is called as Chirality of the CNT which is 

represented by two chiral vectors (n, m), where n and m are 

two integers.  With respect to the values of the two vectors, 

the CNTs are categorized as Metallic or Semiconducting.  If 

the values of the index (n, m) is such that n = m or n – m=3i, 

where i is an integer, than the Nanotube is metallic 

otherwise it is semiconducting.  The Diameter of CNT can 

be calculated by chiral vectors using the following equation. 

 

 
     

√   

 
√         

 

…………..(4) 

Where a0 = 0.142 nm is the interatomic distance between the 

carbon atoms and their neighbours.  Fig. 1 shows the 

schematic diagram of CNTFET [12]-[13].  In the CNTFET 

device geometry, the undoped semiconducting Nanotubes 

are placed under the gate as channel region with heavily 

doped CNT segments placed between the gate and source or 

drain to provide a low series resistance for ON state [9].  

The main advantage of CNTFET over MOSFET is well 

controlled channel and High ON-state currents so that 

multithreshold designs can easily be achieved and 

implemented with less complexity.  CNTFET is a four 

terminal device as is a traditional silicon transistor.  The 

device is turned on or off via the gate by varying the gate 

potential. 

 
                                               (a) 

 
                                            (b) 

Fig. 1:  (a) Schematic Diagram of CNTFET, (b) Cross-

sectional view of CNTFET 

I-V characteristics for CNTFET are very much similar to 

that of MOSFET.  The channel width of CNTFET depends 

on the number of CNTs and pitch value which is the 

distance between the centers of two adjoining CNTs under 

the same gate. Its approximate value can be determined 

using (5) 

       (        ) ……………(5) 
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Where Wmin is the minimum gate width, N is the number of 

tubes and S is the Pitch. The threshold voltage is the 

minimum voltage required to turn ON the transistor. In 

CNTFET the threshold voltage depends on the diameter of 

the CNT and can be approximated to the first order as the 

Half Band gap and can be estimated as follows 

 
    

  

  
 

√ 

 

   
     

 
…………..(6) 

Where a = 2.49 Å is the band gap distance between the C-C 

π bond, Vπ = 3.033 eV is the π bond energy in the tight 

bonding model, e is the unit electron charge, Eg = 0.32 eV is 

the Band gap energy and DCNT is the CNT.  If m = 0 in the 

chirality vector (n, m), then the ratio of threshold voltages of 

two CNTFETs is given by:  

     

    

  
     

     

  
  

  

 
………………..(7) 

Equation (7) shows that the threshold voltage of a CNTFET 

is inversely proportional to the chirality vector of the CNT.  

For example, a CNTFET with (13, 0) chirality has a 

threshold voltage 0.428 V, compared to a CNTFET with 

(19, 0) chirality vector has a threshold voltage 0.293 V.  For 

the simulation of drain current of the CNTFET, HSPICE 

simulation tool is being used to demonstrate the result in this 

paper.  A CNTFET with (19, 0) chirality is used to obtain 

the desired result as in [11]. Fig. 2 shows the I-V 

characteristics of N-type CNTFET which matches with the 

results in [10].  CNTFETs provide a unique opportunity to 

control threshold voltage by changing the chirality vector, or 

the diameter of the CNT [10].  The process of fabrication of 

the desired (n, m) value CNTFET has been initially 

proposed in [14].  In this paper multi-diameter CNTFETs 

designs are used collectively to achieve ternary logic 

circuits. 

 
Fig. 2:  I-V Characteristics of N-type CNTFET 

IV. CNTFET BASED TERNARY INVERTER 

 Proposed Inverter Design in [11] A.

A CNTFET based Ternary Inverter is being proposed in 

[C] which employs dual diameter CNTFETs.  Fig. 3 shows 

the design schematic of a Standard Ternary Inverter (STI) 

discussed previously in Section II.  It uses the static 

complementary CMOS design style which is most widely 

used.  The complementary design has an advantage of 

robustness, low power consumption, good performance and 

small static power dissipation.  So, this technique can be 

used to design CNTFET based ternary logic circuits to 

reduce the area overheads.  As shown in Fig. 3, the STI 

design consists of six CNTFETs among which the 

Chiralities used in the transistors T1, T2 and T3 are (19, 0), 

(10, 0) and (13, 0), respectively.  From () the diameters of 

T1, T2 and T3 are 1.487, 0.783 and 1.018 nm, respectively.  

Thus, the threshold voltages of T1, T2 and T3 are 0.289, 

0.559 and 0.428 V, respectively from [11].  Similarly, the 

threshold voltages of T5, T6 and T4 are -0.289, -0.559 and -

0.428 V, respectively.   

When the input voltage changes from low to high at the 

power supply voltage of 0.9 V, initially, the input voltage is 

lower than 300 mV.  This makes both T5 and T6 turn ON, 

both T1 and T2 turn OFF, and the output voltage 0.9 V, i.e. 

logic 2.  As the input voltage increases beyond 300 mV, T6 

is OFF and T5 is still ON [11].  Meanwhile, T1 is ON and 

T2 is OFF.  The diode connected CNTFETs T4 and T3 

produce a voltage drop of 0.45 V from node n2 to the 

output, and from the output to n1 due to the threshold 

voltages of T4 and T3.  Therefore, the output voltage 

becomes 0.45 V, i.e., half of the power supply voltage. As 

shown in Table I, half Vdd represents logic 1.  Once the 

input voltage exceeds 0.6 V, both T5 and T6 are OFF, and 

T2 is ON to pull the output voltage down to zero.  The input 

voltage transition from high to low transition is similar to 

the low to high transition. 

The simulation for the characteristics of STI is done 

using the CNTFET model in [12].  The model is MOSFET 

like CNTFET model for circuit simulation purpose 

developed by Stanford University.  The language used to 

develop the Stanford CNTFET model is HSPICE.  This 

HSPICE model is described more detail in [13] and [14]. 

 
Fig. 3:  CNTFET Based STI Design of [C] 

The STI design proposed in [11] provides a larger static 

noise margin which is the most required feature for low 

power circuits.  In this paper, HSPICE simulation for the 

design of STI proposed in [11] is performed separately apart 

from that in the previous work to investigate its 
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performance.  Fig. 4 shows the Voltage Transfer 

Characteristics of the STI.  

 
Fig. 4:  Voltage Transfer Characteristics of STI 

 Basic Ternary Gates Design B.

There are three inverters in the Ternary Inverter system as 

discussed in Section II; these are STI, NTI and PTI.  As Fig. 

3 shows the STI design, the NTI and PTI schematic designs 

are shown in Fig. 5 in which Fig. 5(a) shows the CNTFET 

based NTI schematic diagram.  The threshold voltage of T1 

is 0.289 V while that of T2 is -0.557 V.  When the input 

voltage is below 0.3 V (i.e., logic 0), the output voltage is 

0.9 V.  As soon as the input voltage exceeds 0.3 V, T1 is 

ON and T2 is OFF, and the output voltage will be zero.  For 

the CNTFET based PTI shown in Fig. 5(b), the threshold 

voltage of T1 is 0.557 V while that of T2 is 0.289 V.  Thus, 

only when the input is higher than 0.6 V, the output is zero.  

The outputs of NTI and PTI are y0 and y2 given by (2).  Fig. 

6 shows the symbols for NTI, PTI and STI. 

 
Fig. 5:  Schematic Diagram of (a) NTI and (b) PTI 

 
Fig. 6:  Symbols for (a) NTI, (b) STI and (c) PTI 

The Circuit schematic for two input Ternary NAND and 

NOR gates are shown in the Fig. 7(a) and Fig. 7(b) and their 

logic expressions are given by (3).  Each of these gates 

consists of ten CNTFETs with three different Chiralities.  In 

these two gates, similar to the STI circuit of Fig. 3, the 

transistors with diameters of 1.487, 0.783, and 1.018 nm 

have threshold voltages of 0.289, 0.559, and 0.428 V, 

respectively, as established using (6).  HSPICE simulation 

has confirmed the correctness of these designs with Tables 

II and III. 

 
                                                 (a) 

 
                                                (b) 

Fig. 7:  Schematic Diagram of CNTFET based (a) NAND 

and (b) NOR gates. 
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V. CONCLUSION 

This paper has presented a review on the present design of 

the Ternary Logic family based on CNTFETs.  In [11], a 

multi-threshold CNTFET based logic circuit design is 

proposed to achieve a multivalued logic implementation. 

Using multi diameter CNTFETs, a complete set of logic 

gates has been implemented and by simulation of these gates 

again, the results are verified using HSPICE.  The proposed 

CNTFET based designs are capable of achieving high 

performance, small area due to elimination of resistors and 

low power consumption.  The simulations are carried out on 

HSPICE using the proposed model in [13].  Thus, the results 

show that the design approach using Ternary Logic is a key 

solution to low power and High Performance VLSI 

integrated designs in the Nanotechnology. 
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