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 This paper explores the advancements in Multi-Valued Logic (MVL) 

circuits, contrasting them with conventional binary logic systems. The 

paper discusses how MVL circuits improves the performance of logic 

circuits. The focus then shifts to emerging technologies for logic gate 

design based on carbon allotrope such as CNTFETs and (Graphene    

Nanoribbon Field Emission Transistors) GNRFETs. The paper analyzes 

the structure and operating principles of these transistors, providing a 

comparative analysis of their power consumption, switching speed, 

scalability, and manufacturing complexity. Specifically, the study 

investigates the performance of ternary and Quaternary Universal gates 

implemented using GNRFETs and CNTFETs. Moreover, in this article 

some other edge of knowledge technology like FinFETs circuits is 

explored to have a comprehensive view on the performance, advantage 

and disadvantage of MVL circuits. Results indicate that GNRFET-based 

designs demonstrate lower delay and significantly better energy 

efficiency compared to FinFETs and CNTFETs, despite some 

challenges with higher power consumption in certain GNRFET 

implementations. 
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1. Introduction   

For many years in electronics and digital field in order to design integrated circuits, the binary logic 

is utilized. Binary logic is presented by two discrete value of 0 (which means false) and 1 (which 

means true) [1]. However, by increasing the number of transistors on an integrated circuit and 

getting the digital circuits much more complex, this approach faced with some critical challenges. 

Some of the main problems of binary logic in designing complex circuits include increasing wiring 

and interconnection in circuits [2]. Moreover the binary logic force restriction on number of chips 

that can be used on the silicon wafer [3]. In order to overcome the mentioned challenges and improve 
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digital circuits, the Multiple-Valued Logic (MVL). Whereas binary logic which all mathematical 

function are done on two value of 0 and 1,  In MVL, more logic levels are defined and also much 

more logical operation is available [4]. This approach has created a real revolution in computational 

and digital world. Some of the most permanent advantages of MVL are reduction in number of 

interconnections and wirings[5-7], reducing area[8], transferring more data[4], and much higher 

speed in compare with binary logic. The most functional that many researches are done on them 

include: Ternary [9], Quaternary [10], and Penternary [4] and in some cases fuzzy logic [11].  

However, between the mentioned MVL; Ternary and Quaternary logic are much more investigated. 

According to the different researches, Ternary logic can provide some important advantages such 

as chip area reduction  [1],[4],[8],  enhancing power consumption for approximately 50% [8], 

Modularization of the system and less wiring [12],[3] and increasing the efficiency of the circuit. 

Quaternary logic has some specific characterization. According to [13], recently Quaternary logic 

has attracted attention in design of digital circuits. Moreover, Quaternary logic has this extraordinary 

benefit of easy transforming binary signals to Quaternary signal  which can be done by common 

binary circuits [3]. In order to produce MVL circuits, there are several methods such as: charge-

coupled devices [14], voltage-mode CMOS [15], and current-Mode CMOS[16]. 

The most common way to produce different threshold voltages is implementing body effect in 

transistor. In this method, by biasing different voltage to the base or bulk terminal of the transistors, 

different threshold voltages can be obtained. Based on this different threshold voltages different 

logics are produced. For instance, in Ternary logic, the different threshold voltages are 0, VDD/2 and 

VDD, which are represented the value of 0, 1 and 2, respectively. The threshold voltages for 

Quaternary logic are 0, 0.3VDD, 0.6 VDD, and VDD that are corresponded for the values of 0, 1, 2 and 

3, respectively. Despite of the functionality of this method to create Quaternary and ternary logic; 

there are plenty of curtail challenges that electronic science has faced with for usage of CMOS 

technology in MVL in large scale. Some of the biggest barriers include short channel effect [2] ,[17], 

[18] high power consumption and reduction size problem. In order to solve these problems and 

create advanced digital circuit with high efficiency, variety of technology including Quantum-dot 

Cellular Automata (QCA) technology, novel material and transistors are introduced. Some of these 

novel transistors include Carbon Nanotube Field Effect Transistors (CNTFETs), Graphene 

Nanoribbon Field Effect transistors (GNRFET)[19], Fin Field-Effect Transistor (FinFETs)[20] and 

quantum dot transistors[21]. These structures provide this chance to reduce the size of transistors to 

nanoscale and increase the number of transistors on a chip. In addition, the reversible design 

technique is an efficient design technique that is used for low-power design. 

Among the novel transistors, carbon-based transistors such as CNTFETs and GNRFET are the most 

trendy and operational devices. Both structures provide some important and characterization for 

example using CNTFETs are very low power consumption [4], high performance, functionality and 

the potential of implementation in different structure, high-speed operation [3] and specific electric 

characterization. According to the presented advantages CNTFETs have this great potential to be 

the alternative of CMOS technology. Furthermore, GNRFETs, because of their structure, are very 

convenient for planar electronic. In continue of the study, the physical and electronic properties of 

these two carbon-based structures are discussed.  

This study provides a comprehensive comparison and analysis of emerging transistors such as 

CNTFETs and GRNFETs, as well as multi-valued logics including ternary, quaternary, and 

penternary systems. It should be noted that in recent years, numerous studies have investigated the 
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advantages and challenges of these technologies; however, most of these works have focused 

individually on one structure, without providing a comprehensive comparative assessment. 

The remain of this study is as follows. For having better view on GNRFET and CNTFET-based 

universal gates and MVL; first the structure and physical properties of Graphene Nano Ribbons 

(GNRs) and Carbon Nanotubes (CNTs) are presented in section 2 and then the concept of MVL is 

introduced in section 3. Then, different structure of GNRFET based ternary Universal gates is 

investigated in section 4. In order to analyze the GNRFET based ternary NAND and NOR, the 

parameters such as Power Delay Product (PDP), total power, and delay, are investigated for 

comprehensive comparison in section 5. Finally, this study is concluded in section 6. 

2. Background of the research 

2.1. CNTFETs 

Carbon nanotubes, like graphene, is a type of carbon allotrope that are theoretically considered as 

graphene sheets rolled into a cylindrical shape along a vector known as the chirality vector. 

Furthermore, Carbon nanotube can be classified as Single Wall Carbon Nanotubes (SWCNTs) and 

Multi wall. Chirality vector has direct effect on different properties of carbon nanotube specially 

conductivity. Chirality vector is defined by the pair of (n, m), known as the chirality index, which 

If the chirality vector be n=m and n-m=3i, the Nanotube has metallic behavior and it is conductive 

( i is an integer number). Whereas, if the chirality is anything else, it exhibits semiconducting 

behavior [1]. Both metallic and semiconducting behavior of CNTs are important and functional in 

electronic field. However, in order to design CNTFETs semiconductor, CNTs are more functional 

and they are implemented as a channel[1] of this structures[2]. In different studyôs three types of 

CNTFETs are introduced such as Schottky Barrier CNTFETs (SB-CNTFETS) [22], Tunneling 

CNTFET (T-CNTFETs) [23] and MOSFET-like CNTFET [24]. Despite of CNTFETs variations, 

the MOSFET-like CNTFET are more functional because their architecture are very similar to 

CMOS transistors[4]. The structure of a CNTFET is shown in Figure 1 [25]. 

 

Figure 1. Structure of a CNTFET, which is similar to a MOSFET [25]. 

One of the greatest advantages of the CNTs is the same motilities µp =µn.  This advanced 

characterization can be dramatically useful in transistor size reduction to nanometer scale [4]. In 
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CNTFETs, the method of adjusting threshold voltage and changing the band gap is changing the 

Nanotube diameter [4]. The diameter of carbon nanotubes is calculated using Eq. (1) and Eq. (2)  

[1]: 

ÃÈÁÎ ÁÎ (1) 
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Where Á ςȢτω B (ЍσÁ and Á πȢρττnm) represents the atomic distance between two carbon atoms. 

The operating principle of the CNTFET is similar to that of traditional silicon-based devices. 

Therefore, to turn on a transistor, it is necessary to define the threshold voltage. The threshold 

voltage of the carbon nanotube channel is approximately defined as an inverse function of its 

diameter in Eq. (3)[1]:  
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Where e is the elementary charge of the electron, V =́3.033 eV is the energy of the ˊḯ  carbon bond 

in the tight-binding model, and Ebg is the bandgap energy. 

2.2. GNRFETs 

Graphene is planar allotrope of carbon. According to [26] if the size of the GNR be under 10nm, 

these structure shows semiconductor behavior. Despite of very small size of GNR to show 

semiconductor behavior, these days with special method of production, we are able to produce GNR 

with size of less than 2 nm  [27]. This point shows that GNRFETs could be practical. Generally, 

GNRs are classified to zigzag GNR and armchair GNR. The zigzag based GNs always act 

conductive nature, while armchair based GNs shows either conductive or semi-conductive 

characteristics based on the dimer line value (m). For m =3q or m =3q +1, the armchair GN acts as 

a semiconductor. Whereas, for m =3q +2, it acts as conductor. The semiconducting or conductive 

nature of armchair nanoribbons and the width of them are calculated using Eq. (4) and Eq. (5), 

respectively [13]. 
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In GNRFET, the natural GNR is used as the channel layer and is placed under the gate region of the 

transistor [28]. 

2.3. MVL Logic 

The functionality of the AND, OR, NAND, and NOR gates for different value and variable can be 

described, as expressed in Eq. (6), (7), (8) and (9), respectively [4]. 

!.$ȡ Á ȢÂȢÃȢȣ -). ÁȟÂȟÃȟȣ  (6) 
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3. CNTFET-based circuits  

3.1. CNTFET-based Ternary universal gates  

In [1],  first different ternary inverters and basic logic gates are designed. Then, by the proposed 

logic gates and inverters, some arithmetic circuit such as decoder and half adder are produced. In 

this article Universal gates are design by CNTFET with diameters of 1.487, 0.783, and 1.018nm have 

threshold voltages of 0.289, 0.559, and 0.428V, respectively. The novelty that is investigated in [1] 

is usage of Ternary and binary gates with each other to enhance the circuit performance. According 

to HSPICE simulation of the presented arithmetic circuits; implementation of binary gates in ternary 

circuit can be effective to reduce delay and produce faster computing system. Moreover, from the 

obtained result from this article and comparison, combinational systems have much better 

functionality. The structure of the proposed Universal gates is shown in Figure 2 [1]. 

As can be seen in this Figure in order to design these Universal gates 10 CNTFETs are utilized. 

 

Figure 2. A schematic of proposed (a) NAND, (b) schematic of proposed NOR, (c) the symbols of Universal gates in [1].  

 In [4], some new design of low power consumption ternary logic devices are  designed with 32nm 

CNTFET technology and analyzed by Synopsys HSPICE. Moreover, in this article, Ternary, 

Quaternary and Penternary logic circuits are designed and then examined. In this part of this study 

article the proposed ternary Universal gates are investigated. The results of the ternary universal 

gates implementation is shown in Table 1  [4]. In [4], in order to produce ternary logic just two 
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different Nanotubes diameter of 1.487 and 0.783nm are used. In continue of this study article the 

structure of three input STNOR and STNAND are proposed. These structures are shown in Figure 

3 [4]. 

Table 1. The performance of TNAND and TNOR in [4] . 

Gate 
Delay(×10ī12 s) 

 

Average power 

consumption 

(10-7 w) 

Energy 

consumption 

(×10ī18 J) 

STNAND 20.931 2.2739 4.7595 

STNOR 19.807 1.8899 3.7433 

 

 

Figure 3. schematic of proposed (a) NAND, (b) NOR in [4] 

In [29],  a coder and decoder based on CNTFTs are designed. First the ternary NAND and NOR 

gates are designed and then, these universal gates are implemented to design Ternary coder and 

decoder. The structure of the proposed Ternary NAND and NOR gates include ten transistors with 

diameters of 1.487, 0.783, and 1.018nm and chirality vectors of (19, 0), (10,0) and (13,0), 

respectively. These universal gates are examined under different c-load capacitance in order to 

measure PDP, EDP and propagation delay. The EDP and PDP of the ternary NAND and NOR are 

shown in Table 2 [29]. The structure of the proposed Ternary NAND and NOR are provided in 

Figure 4 [29]. 

 

 

Table 2. The EDP, PDP and Load capacitance of TNAND and TNOR in [29]. 

 

 

 

 

Authors 
EDP 

(Joule. Second) 

PDP 

(Joule) 

Load 

capacitance 

(Farad) 

Ternary NOR 3.75e-30 1.43e-18 1e-15 

Ternary NAND 4.22e-30 1.54e-18 1e-15 
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Figure 4. Structure of (a) Ternary NAND and (b) Ternary NOR in [29]  

In[2], three outputs/states logic circuits based on CNFETs with 32nm technology are presented. The 

novelty of universal gates structures is implemented a logic function and its complement via a 

control signal in each of designed logic device. Moreover, these circuits have high impedance state, 

which saves power while the circuit is not in use. In [2] in order to design Ternary NAND and NOR 

gates  just two different Nanotubes with diameters of 0.783 and 1.478nm are utilized. The design of 

this novel structure is shown in Figure 5  [2]. The PDP, Power, maximum delay, and Delay of the 

proposed Ternary NAND and NOR are provided in Table 3 [2]. 

 

Figure 5. The novel structure of (a) Ternary AND/NAND, (b) Ternary OR/NOR gates in [2] 


