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Abstract 

 

In this paper, a novel Graphene Nanoribbon Field-Effect Transistor (GNRFET)-based ternary decoder circuit 

along with a conventional ternary inverter (STI) is designed and analyzed for its comprehensive performance 

analysis. Because of their high electrical performance, in terms of tunable bandgap and high ON/OFF current 

ratio, the GNRFETs are expected to achieve a greater information density and circuit complexity reduction by 

using MVL (Multiple-Valued Logic), to surmount the limitations of traditional binary logic. The proposed ternary 

decoder architecture implements only nine GNRFETs and it is optimally designed for high speed and energy 

efficiency. Through extensive HSPICE simulations with a 16nm GNRFET model, we perform a comparative 

evaluation of our GNRFET-based ternary circuits against the existing presentations based on CNTs or silicon 

nanotransistors (as the basis for imitation) in terms of key values: propagation delay, total power consumption 

and power-delay product (PDP). The results show that our proposed design of GNRFET based ternary decoder 

give significant 2% reduction of delay and 16% improvement of PDP when compared to state-of-the-art designs. 

These results show the tremendous potential of GNRFETs for implementing high performance and energy-

efficient three-terminal logic circuits for future computing paradigms. 

 

Keywords: Graphene Nanoribbon Field-Effect Transistor (GNRFET); Ternary Logic Gates;  Multi-Valued Logic 

(MVL); STI;  TDECODER. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

 

A disparity in dynamism between transmission and assembly availability for chemical bond formation is 

often observed in most electromechanical maneuvers [1]. In contrast to bulk graphene, the graphene nanoribbon 

(GNR), or its narrow derivative, shows a substantial band gap and thus it is a highly suitable material for use in 

nanoscale electronic devices with an enhanced ON/OFF current ratio. [2,3]. GNRs are considered among the most 

promising alternatives to silicon in field-effect transistor (FET) applications [1]. Extensive research has been 

carried out on carrier transport in GNR Field-Effect Transistors (GNRFETs) [5-7]. The mechanisms of electron 

pairing that underlie the macroscopic quantum effects in terms of e-ph scattering processes play a crucial role in 

determining graphene transistors electrical properties which otherwise tend to be weakly bound in that they are 

wide-area devices [1,7,8,41]. Therefore, the electron-phonon interactions are a factor that must be considered in 

the simulation of GNRFETs, even when at relatively low frequencies. [2,9,36]. 

 

Due to the ability of Multiple-Valued Logic (MVL) techniques to deliver increasingly faster performance 

as evidence density grows, they have been widely studied in recent decades. In contrast to binary logic in 

computing and electronics (base 2), with each logic bit having only two possible values (low (0) or high (1)) each 

symbol in an MVL system (base 3 or higher) can have three or more possible values. This results in higher 

information density, smaller logic gates, and simpler circuitry. 

 

Carbon-based transistors such as Graphene Nanoribbon Field-Effect Transistors (GNRFETs) and Carbon 

Nanotube Field-Effect Transistors (CNTFETs), have become significant topics of research [27-29,31,41]. 

Numerous studies have focused on CNTFETs and GNRFETs, particularly in the context of multivalued logic 

approaches, which offer advantages over traditional binary logic strategies [9-17]. Graphene nanoribbons can be 

produced with widths up to 20 nm and with irregular edges [20]. In [21], a combination of lithography and etching 

techniques was used to create tapered graphene strips, resulting in GNRs with a width of approximately 4 nm. 

Also, chemical synthesis has been employed to make GNRs whose widths are below 2 nm wide [22]. The 

fabrication of precise 2 nm wide GNRs is also discussed in [18,19,25] shows how to make such tiny GNRs with 

flawless edges using the method described there. 

 

This paper makes the following contributions: 

• To analyse different electromechanical properties of Graphene Nanoribbon Field-Effect Transistors 

(GNRFETs). 

• To design a series of simple ternary logic gates utilizing GNRFET technology. 

• To compare the proposed circuits with existing design in terms of propagation delay, power consumption 

and power delay product (PDP). 

 

This work extends the basic ideas that were presented in earlier works [9], offering a unified approach to the 

design of logic and computational circuitry based on Graphene Nanoribbon Field-Effect Transistors (GNRFETs) 

[38-41]. Section II presents the mathematical formulation of the three-valued logic system. Section III describes 

the working mechanism of GNRFET and its application of Tesla (ternary) logic and calculations. Section 4 gives 



a comparative evaluation of GNRFET-based ternary logic circuits with respect to existing technologies with 

respect to both qualitative and quantitative performance metrics. Finally, Section 5 provides a summary of the 

major outcomes and indicates the overall contributions of this study. 

 

2. GNRFET Logic Ternary System 

 

In conventional digital electronics, there is a binary system which has two discrete system states, namely 

the logic high (1) and the logic low (0). The generalized multi-valued logic (MVL) from a binary truth functional 

with two truth values to an MVL system with R truth values where R>2 can be generalized from the two-valued 

MVL to an MVL system with R truth values. A particular example of MVL is the three-valued logic (Ternary 

Logic) where R = 3. Depending on the symmetry of the values of the logic states three valued systems might be 

either balanced or unbalanced, typically denoted by the sets {-1, 0, 1} and {0, 1, 2}, respectively. The present 

work is based on the design of unbalanced three valued logic system with supply voltage (VDD) = 0.95 V and 

ground potential = 0 V. The notations used for the unbalanced logic levels and its associated energy states are 

outlined in Table 1 [41]. 

 

General three-valued power supply device (GTI) is divided into Negative, Positive or Standard energy 

supply device according to the work mode. The corresponding functional relations are given by respectively 

Equation (1)-(3) for the Negative three-valued power device (NTI), Positive three-valued power device (PTI), and 

Standard three-valued power device (STI) [20] with x, y0, y1, y2 as inputs and outputs, respectively [41]. 

 

Table 1: Three-Valued Voltage Level and Logic Levels 

Voltage Level (V) Logic Symbol Logic State 

0 0 False (Low) 

0.45 (½ VDD) 1 Intermediate 

0.90 (VDD) 2 True (High) 

 

Table 2: Functional Behaviour of NTI, PTI, and STI Devices 

Input (X) NTI (Y₀) PTI (Y₁) STI (Y₂) 

State 0 (0 V) 2 2 2 

State 1 (0.45 V) 0 2 1 

State 2 (0.9 V) 0 0 0 

 

Table II shows the genuine statistics which are reflecting the functions y0, y1, and y2 [41]. 



           y0 = Z0 (x) = {2, ℎ݁݊ݓ ݔ = 00, ℎ݁݊ݓ ݔ ≠ 0             (1)                             

y1 = Z1 (x) =  {0, ℎ݁݊ݓ ݔ = 22, ≠ ℎ݁݊ݓ ݔ 2    (2)                                  

                           y2 = Z 2 (x) = 2 = ݔ − x                 (3)                

2.1 Significance of GNRFET 

GNRs are used in this study as the multi-valued logic (MVL) architecture [20]-[26]. The structures of 

armchair graphene nanoribbon (AGNR) with N dimer lines are displayed in Figure 1. The number of dimer lines 

(N) has a very important role in picking the electronic behaviour of the GNR. Particularly, in the case when N = 

3p or N = 3p + 1, where p is an integer, the ribbon demonstrates semiconductor characteristics [30]-[32]. Using 

Equation (5), width (W) of the GNR is determined as a function of the carbon-carbon bond length (aC-C) as: 

aC-C = 0.142 nm [41]. 

 

 

Fig. 1. Size about an Armchair GNR by means of high opinion of Dimer lines [41]. 

 

WGNR = (N − 1) √3 2  ac−c                  (4) 

 

For the purpose of improving the driving capability and providing a superior contact area, several 

graphene nanoribbons (GNRs) are placed in parallel. The three parallel GNR strip configuration is shown in 

Figure 2. The source and drain regions of each strip act as the interconnection between the access terminals and 

the active channel and they are stabilized with a fixing factor (fdop = 0.001) as reported in [33]. In Figure 2, the 

parameters are shown as: Lch is the channel length, Lres is the reservoir length, Wch (or WGNR) is the ribbon width, 

Wgate represents the gate width and 2Wsp is the distance between adjacent ribbons. Drain current of GNRFET can 

be calculated using Equation (5) given in [33]. 

 

(ΨCH, VD, VS) = 2qkTh ∑ [ln (1 + ݁q( Ψ಴ಹ−Vೞ )−εαೖ೅ ) − ln (1 + ݁q( Ψ಴ಹ−Vೞ )−εαೖ೅ )]              α (5) 

 

Here, ΨCH represents potential within the channel, VD and VS are drain and source potential respectively. 

The variable εα represents the sub-band energy and α is the sub-band index (1 ≤ α ≤ N). The constant k (or kB) is 

the Boltzmann constant which expresses the average heating of the particles in the gas as a function of its 

temperature. The second is denoted by h, and the first by T, for absolute temperature. 

 



For any given Part code there is a point beyond which drain current (ID) is essentially flat providing the 

indicator of saturation region of operation (VDS) at the level. The ID vs VG characteristics carried out for a channel 

bias of 1.0 V, exhibit characteristics similar to that of a conventional MOS transistor with a well-defined threshold 

voltage transition. When the voltage VGS at the gate is more than a threshold voltage, the N-type GNRFET switches 

ON and the drain current also increases proportionally to the gate voltage applied. Therefore, depending on the 

number of dimer linewidth (ribbon width) in the graphene nanoribbon field-effect transistor (GNRFET), by 

adjusting the model parameters, the targeted threshold voltage (VTH) can be realized. In such a design each 

transistor will be according to 16 nm channel length. 

 

 

Fig. 2. Multiple (three) ribbon Armchair GNRFET [30]. 

 

2.2 Inverter 

The structural layout of the Negative Three-Valued Power Device (NTI) and the Positive Three-Valued 

Power Device (PTI) are presented in figure 3. In the NTI configuration the p-type and n-type GNRFET are built 

with 7 and 9 dimer lines respectively. On the contrary, in the PTI design, the p-type GNRFETs use 9 dimer lines 

and the n-type GNRFETs use 7 dimer lines. The schematic of the Standard Three-Valued Power Device (STI) is 

as shown in Figure 4. This circuit consists of six transistors - Q1, Q2 and Q3 as n-type and Q4, Q5 and Q6 as p-

type GNRFETs. The threshold voltages of the transistors Q1, Q2 and Q3 are -0.24V, 0.24V, 0.6V respectively 

[41]. 

VDD

N=7(N=9)

N=9(N=7)

Q1

PTI(NTI)A Ap A
Input

Q2

Output

 

Fig. 3. Representation Illustration of Adverse (Positive) Three valued Device that produce power 

[41] 



The transistors Q1 and Q2 are N = 9 and N = 7 dimer lines, whereas Q3 is N = 10 so that the resulting 

threshold voltage has the desired value. When input voltage (V in) is low (-0.3 V) and starts increasing, Q1 turns 

ON giving high output voltage. As Vin rises in the range (0.3 V to 0.6 V), Q3 is switched ON while both Q1 and 

Q2 are switched OFF. Finally, when Vin is between 0.6 V to 0.9 V and decreasing, Q2 is switching ON and thus 

producing a low output voltage [41]. 

VDD

Q5N=9

N=10

N=10

N=9Q1 Q2

Q3

Q4

Q6
N=7

N=7

GND

Input STI

Output

 

Fig. 4. Representation of Drawing of Normal Three valued Inverter using GNRFET [41] 

3. Ternary Logic Design 

 

In this subsection, the design of ternary inverters and ternary decoders are explained and the design and 

operation of the proposed implementation using logic gates are described. 

 

3.1 Standard Ternary Inverter (STI) 

 

This section demonstrates a new design of the Standard Ternary Inverter (STI), as shown in Figure 5. 

While the previous works have shown the validation of ternary logic gates with CNTFETs [16], in this paper, the 

gates are implemented and validated with GNRFETs. 

 

Table 3: Dependence of GNRFET Behavior on Dimer Lines (N) 

 

 

 

 

 

 

The circuit of Figure 5 is evaluated for GNRFETs for the dimer line structures given in Table III. When 

A = logic 1, then transistors Q1, Q4, and Q5 turn ON and transistors Q2 and Q3 turn OFF, thus creating a logic 0 

output. Conversely, when the output needs to become logic 2, Q3 is switched on, thus output will become a logic 

Dimer Lines, N Band Gap Ion /Ioff 
Order of  

Ion/Ioff 
Ion 

8, 11, 14, 17 Small Lowest ~101 Highest 

6, 9, 12, 15, 18 Moderate High ~106 High 

7, 10, 13, 16 Highest Highest ~106 Low 



2. For input A = logic 1, Q1 is turned ON, while Q2, Q4, and Q5 are turned OFF resulting in the corresponding 

output based on the ternary logic rules [41]. 

VDD

VDD/2

Q5
N=7(N=9)

N=9(N=7)

N=9(N=7)

N=7(N=9)

Q1

Q2

Q3

Q4

A N=7(N=9)

A

Ap

A

VDD

A

T

Ternary

NOT

A A

 

Fig. 5. The Standard Ternary Inverter circuit with GNRFET [41] 

 

 

Fig. 6. Transfer curve of STI using GNTFET [41] 

 

Fig. 7. Noise Margins for GNRFET-based STI are shown as butterfly curves (NM) [41] 



 

The Standard Ternary Inverter (STI) as shown in Figure 5 is implemented in GNRFETs with 

configurations of dimers as listed in Table III. In the case for an input A = logic 1, transistors Q1, Q4, and Q5 are 

ON and Q2 and Q3 are OFF resulting in a logic 0 output. When the output Ap is to be a logic 2, then Q3 is turned 

on so that the output is a logic 1. For A = logic 2, transistors Q2 and Q5 turn ON and Q1 and Q4 stay OFF, Q3 is 

turned OFF when A"" = logic 0 which results in a logic 0 output. The voltage transfer characteristics (VTC) of 

the STI, as displayed in Figure 6, show that the device can retain three different levels of output voltage over a 

wide range of input voltage. The four noise margins are defined as Noise Margin Low (NML) Noise Margin Low-

to-Medium (NMML) Noise Margin Medium-to-High (NMMH) Noise Margin High (NMH), which are shown in 

Figure 7 and the output waveform is shown in Figure 8 [41]. 

 

Fig. 8. The output waveforms of STI 

3.2 Proposed Ternary Decoder 

This subsection contains a suggested combinational circuit in the form of a Ternary (T) Decoder. As 

shown in figure 9, the design has a novel architecture that consists of nine transistors. The decoder has one ternary 

input (X) and three binary inputs (X0, X1, and X2). Its output mathematical expression is given in Equation (6) 

and it is summarized in Table 4. 

Xk =  {2   ݔ = ݔ   0݇ ≠ ݇                         (6) 

Table 4: Dimer Lines and Threshold Energy of The GNRFETs Used in the Proposed T Decoder 

GNRFET Type                  Dimer Line (N)           Vth (V) 

P-GNRFET (Q1, Q5)                   7                            -0.559 

P-GNRFET (Q3, Q8)                  12                           -0.289 

N-GNRFET (Q4, Q6, Q9)            7                             0.559 

N-GNRFET (Q2, Q7)                  12                            0.289 

Source:[41] 

The circuit consists of one Negative Ternary Inverter (NTI), one Positive Ternary Inverter, NTI (PTI), 

binary inverter and another sub-circuit. Table 4 shows the dimer line numbers and threshold voltage (Vth) of the 

GNRFETs adopted and the operating characteristics of the proposed design are described in Table 5. 

 



For input X=logic 0, transistor Q1 and Q3 are ON but Q2, Q4 and Q7 are OFF. As a result, the 

intermediate signal Y, output X0 are set to logic 2, and Q6, Q9 are ON and Q5, Q8 are OFF and therefore, the 

outputs X1, X2 are set to logic 0. When X = logic 1, Q2, Q3 and Q7 cross ON and Q1 and Q4 are turned OFF. 

This causes the value of intermediate signal Y to be set to logic 2, and the value of the output to be set to logic 0 

to X0. Also, Q6 and Q8 are ON and Q5 and Q9 are OFF with the result that X1 = logic 2 and X2 = logic 0. For X 

= logic 2, the following logic are activated: Q2, Q4 and Q7 and the logic Q1 and Q3 are OFF. In this condition, 

outputs X0 and Y will be logic 0, Q5 and Q8 will be ON, Q6 and Q9 will be OFF thus X1 will be logic 0 and X2 

will be logic 2. The simulated output waveform of the Ternary Decoder is shown in Figure 10 validates the proper 

working of the proposed design for all the input levels. 

VDD

VDD VDD

Q1

Q2

Q3

Q4 Q6

Q5

Q7
Q8 Q9

in

X

X0

X1

X2

N=7

N=12

N=12

N=7

N=7

N=7

N=12 N=12 N=7

NTI

PTI Binary Inverter

Y

 

Fig. 9. The proposed transistor Level of T Decoder with 9 GNRFETs. 

 

Table 5: The proposed t decoder detailed operation of fig. 9. 

Ternary Input X 0 (0 V) 1 (0.45 V) 2 (0.9 V) 

P-GNRFET Q1 ON OFF OFF 

N-GNRFET Q2 OFF ON ON 

OUTPUT X0 2 0 0 

P-GNRFET Q3 ON ON OFF 

N-GNRFET Q4 OFF OFF ON 

INTERMEDIATE Y 2 2 0 

P-GNRFET Q7 OFF ON ON 

P-GNRFET Q8 OFF ON ON 

N-GNRFET Q9 ON OFF OFF 

OUTPUT X1 0 2 0 

P-GNRFET Q5 OFF OFF ON 



 

 

Fig.10. The proposed transient analysis of T Decoder 

4. Comparison 

 

Various implementations of ternary logic gate using CNTFETs have been reported in the literature. 

However, graphene nanoribbons (GNRs) are a promising alternative for use in logic networks based on transistors. 

This section presents a comparison between selected ternary logic circuits implemented using CNTFETs, 

GNRFETs, and a comparison with the results obtained using the proposed GNRFET-based circuits and the results 

obtained using a model (circuits) that exist in the literature. All the simulations were with an input slew rate of 50 

ps, an output load of 1 pF, and the doping fraction (f dop) of 0.001 applied uniformly to all transistors. The model 

for simulation using CNTs (CNTFET model) was taken from [37], while the 16 nm CNTFET devices given in 

[34] were used as reference devices. 

 

Figures 11(a) - 11(c) show comparative results for delay, power and Power-Delay Product (PDP) for the 

Standard Ternary Inverter (STI) and the Ternary Decoder (TDECODER). Table 6 summarises the performance 

comparison between the CNTFET and GNRFET implementations in terms of delay, total power and PDP. The 

proposed GNRFET-based logic gates show significant improvements in the ternary logic performance such as 

delay reduction, power consumption reduction and PDP improvements. 

 

 

 

Specifically, the STI and TDECODER circuits are faster than previously reported designs [34,35, 37,42] 

and the number of transistors is greatly reduced. These results show that the proposed GNRFET-based ternary 

inverter and decoder provide meaningful advantages in Power-Delay Product and overall circuit efficiency of the 

circuit compared to conventional approaches. 

N-GNRFET Q6 ON ON OFF 

OUTPUT X2 0 0 2 



 

Table 6: Comparative Analysis between the Proposed GNRFET-based Ternary Logic Gates and Existing 

CNTFET 
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 Logic Gates 
Transistor 
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Delay (ps) 
Total Power 

(nW) 

Power Delay 

Product (PDP) 

e-18 

STI 

CNTFET [34] 6  11 88.6 0.98 

CNTFET [35] 6  18.8 1170 33.2 

CNTFET [37] 6  30 8100 24 

GNRFET [42] 6  13 23.22 0.302 
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0.38 880 0.33 

TDECO

DER 

CNTFET [34] 10  3 100.8 0.3 

CNTFET [35] -  27.6 704.8 19.46 

CNTFET [37] 10  58 1580 92 

GNRFET [42] 11  14 6.09 0.09 
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3.5 8.83 0.03 



Fig. 11. The comparative transient analysis of STI, and TDEODER for (a) Delay, (b) Power, and (c) PDP 

5. Conclusion 

This paper confirmed the functionality of the Standard Ternary Inverter (STI) and recently introduced 

Ternary Decoder, which is executed using GNRFETs, with a focused on the improvement of the work and energy 

efficiency. They were simulated using the HSPICE model with a 16 nm feature size, 0.9 V supply voltage and 

0.45 V intermediate voltage. The evaluation assessed the power consumption and latency values of ternary circuit 

designs using GNRFETs, and compared to the traditional design. The findings show that GNRFET-based circuits 

can provide better power efficiency and lower delay, which makes the use of ternary logic on a gate and a circuit-

level beneficial. Such circuits can be considered especially applicable in low-power systems, such as portable 

devices and embedded systems, where energy conservation is an important factor. 
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