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ARTICLE INFO ABSTRACT
Article history: This paper explores the advancements in Médiued Logic (MVL)
Receivedl2 August 2025 circuits, contrasting them with conventional binary logic systems
Received in revised form6 October 2025 . . ..
AcceptedL? October 2025 paper discusses hoMVL circuits improves the performance of lo
Available onlinel7 October 2025 circuits. The focus then shifts to emerging technologies for logic
design based on carbon allotrope such as CNTFETs and (Gr:
l\'ﬁl’ti""_‘\’/gjﬁédlo c Nanoribbon Field Emission TransistoSNRFETs. The paper analyz
CNTFET 9 the structL_Jre and op_erating principles of these tr_ansisto_rs, provic
GNFET comparative analysis of their power consumption, switching s
FINFET scalability, and manufacturing complexity. Specifically, the s
Universal gate investigates the performance of ternary and Quatgidaiversal gate

implemented using GNRFETs and CNTFEMreover,in this article
some other edge of knowledge technology like FinFETs circu
explored to have a comprehensive view on the performance, adv
and disadvantage of MVL circuits. Resuilhdicate that GNRFEDasec
designs demonstrate lower delay and significantly better e
efficiency compared to FinFETs and CNTFETs, despite
challenges with higher power consumption in certain GNR
implementations.

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 O (which means false) and 1 (which
means true]1l]. 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 prédms of binary logic in designing complex circuits include increasing wiring
and interconnection in circuif@]. Moreover the binary logic force restriction on number of chips
that can be used dhesilicon wafei[3]. In orderto overcome the mentioned challenges and improve
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digital circuits the MultipleValuedLogic (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 availalj]. This approachas created a remdvolution in comput#onal

and digital world. Some of the most pg&nent advantages of MVL are reduction in number of
interconnections and wirinffs7], reducing arda], transferring more ddi], and much higher
speed in compare with binary logic. @most functional that many researches are done on them
include: Ternary{9], Quaternary{10], and Pent@mary [4] and in some cases fuzzy loditl].
However between the mentioned MVL; TernangchQuaternary logic are much more investigated.
According to the different research@grnary logic can provide some important advantages such
as chip area reductiofi],[4],[8], enhancing power consumption for approximately 5[8%
Modularization of the system and less wirid@],[3] and increasing the efficiency of the circuit.
Quatermry logic has some specific characterization. According 3 recentlyQuaternary logic

has attractedttention in design of digital circsitMoreo\er, Quaternary logic has this extraordinary
benefit of easy transforming binary signals to Quaternary sigrtath can be done by common
binary circuis [3]. In order to produce MVL circuifghere are several meth®guch ascharge
coupleddevices[14], voltagemode CMOS15], andcurrentModeCMOJ16].

The mostcommon way to produce different threshold volageimplementing body effect in
transistor. In this methothy biasing different voltage to the base or bulk terminal of the transistors
different threshold voltagecan be obtained. Based on this diffaréhreshold voltagedifferent

logics are produced. Forstancejn Ternary logi¢the different threshold voltagare0, Vpp/2 and

Vop, Which are represerdd the value of 0, 1 and, Zespectively. The thresholdoltages for
Quaternary logic are 0, 0.3¥, 0.6 Vbp, and \bp thatarecorrespondd forthe valusof 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 etadt science has faced with for usage of CMOS
technology in MVL in large scale. Some of the biggest barriers include short channdR¢ffeat,

[18] high power consumption and reduction size problem. In order to solve these problems and
create advanced dtgi circuit with high efficiencyvariety oftechnology including Quantuwitiot
Cellular Automata (QCA) technologgpvel material and transistoaseintroduced. Some of these
novel transistors include Carbon Nanotube Fi8ffect Transistors (CNTFETs), Gpaene
Nanoribbon FielEffecttransistors GNRFET)[19], Fin Field-Effect Transistor (FINFETEO0] and
guantum dot transistdgsl]. These structures providleis chanceo reduce the size of transistors to
nanoscale and increase the number of transistors on alchgaldition, the reversible design
techniquds an efficient desigtechniquethat is used for lowpower design.

Amongthenovel transistorscarbonbasedransistors such as CNTFETs aBNRFETare the most

trendy and operational devices. Both structures provides sorportant and characterization for
example using CNTFETs are very low power consumgdprhigh performance, functionality and

the potential of implementation in different structure, ksgleed operatiof8] and specific electric
characterization. According to the presented advantages CNTFETs have this great potential to be
the alternative of CMOS technologyurthermore GNRFETS, because of their structyrare very
convenient for planar electronic. In continue of the study, tlysighl and electronic properties of

these twacarbonbasedstructures are discussed.

This study provides a comprehensive comparison and analysis of emerging transistors such as
CNTFETs and GRNFETs, as well as muilued logics including ternary, quatarg, 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 coeipensive comparative assessment.

Theremain of this study is as follows. For having better viewGINRFET and CNTFEThased
universal gates and MVL,; first the structure and physical properties of Graphene Nano Ribbons
(GNRs) and CarboNanotubegCNTs)are presented in section 2 and then the concept of MVL is
introduced in section 3. Then, different structureGNRFET based ternary Universal gates is
investigated in section 4. In order to analyze @RFET based ternary NAND and NOR, the
parameters sn 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

Carbonnanotubes, like graphens,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.
FurthermoreCarbon nanotube can be classifiecbangle Wall CarbonNanotube (SWCNTSs) 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=rand rm=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. Howevelin order to design CNTFETs semiconductoNTs are more functional

and they are implemented as a chaijeif this structurdg]. I n different stud
CNTFETs are introduced such ash8ttky Barrier CNTFETs (SB-CNTFETS)[22], Tunneling
CNTFET (T-CNTFETSs)[23] and MOSFETHike CNTFET [24]. Despite of CNTFETSs variations,

the MOSFET-like CNTFET are more functional because their architecture are very similar to
CMOS transistofd]. The structure of a CNTFET is shownFigure 1[25].

Drain
Contact

Source
Contact

Gate

| Carbon
Nanotube

Substrate

Figure 1. Structure of a CNTFET, which is similar to a MOSFE5].

One of the greatest advantages of the CNTs is the same motilifiestnt This advanced
characterization can be dramatically useful in transistor size reduction to nanometét]sdale
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CNTFETs the method of adjusting threshold voltage and changing the band gap is changing the
Nanotube diametd#]. The diameter of carbon nanotubes is calculated WE&ngl)andEqg. (2)

[1]:

AE AT Al 1)

$ mxyb 11T 1 )

WhereA ¢& & (MoA andA @ 1) represents the atomic distance between two carbon atoms.
The operating principle of the CNTFET is similar to that of traditional siticased 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 inEq. (3)1]:

% Vo A6 ™ 0@
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Where e is the elementary charge of the elecron3 . 03i3s eV he eniér gpr bbdbnt be
in the tightbinding model, an@., is the bandgap energy.

2.2 GNRFETs

Graphene is planar allotrope of carbon. Accordin{Rj if the size of the GNR be under™Db

these structure shows semiconductor belabespite of very small size of GNto show
semiconductor behavior, these days with special method of production, we are able to@Niduce
with size of less than 2" [27]. This point shows thaBNRFETs could be practicalGenerally,

GNRs are dssified to zigzag GNR and armchair GNR. The zigzag based GNs always act
conductive nature, while armchair based GNs shows either conductive oita®nctive
characteristics based on the dimer line value (m). For m =3q or m =3q +1, the armchair GN acts a
a semiconductor. Whereas, for m =3q +2, it acts as conductosehfeonducting or conductive
nature of armchair nanoribbons and the width of them are calculated&cpinigd) and Eq. (5),
respectively{13].

¢d 6 A

X

%

(4)
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In GNRFET, the natural GNR is used as the channel layer and is placed under the gate region of the
transistof28].

2.3. MVL Logic

Thefunctionality of the AND, OR, NAND, and NOR gates for different value and variable can be
described, as expressedsq. (6), (7), (8) and(9), respectively4].

| . GASASAB - ) . ARARAB (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, Bhéime proposed

logic gates and invertersome arithmetic circuit such as decoded half adder are produced. In

this article Universal gates are design by CNTFET with diameters of 1.487, 0.783, afit! Aa¥E3
threshold voltages of 0.289, 0.559, and 0Y428spectively. The novelty that is investigatedtlih

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 birtesyigaernary

circuit can be effective to reduce delay and produce faster computing system. Mdreavéine
obtained result from this article and compariseombinational systems have much better
functionality. The structuref the proposed Universal gaieshown inFigure 2 [1].

As can be seen inithFigurein order to design these Universal gates 10 CNTFETsitdized.
i i I
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Figure 2. A schematic of proposgd) NAND, (b) schematic of proposed NOR, (c) the symbols of Universal gafdg.

In [4], some new design of low power consumption ternary logic devices are designed"With 32
CNTFET technology and analyzed by Synopsys HSPIK&teover,in this article, Ternary,
Quaternay and Pergmary logic circuits are designed and then examined. In this pansddttidy

article the proposed ternary Universal gates are investigated. The results of the ternary universal
gates implementation is shown Tiable 1[4]. In [4], in order to produce ternargdic just two
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different Nanotubes diameter of 1.487 and 0"7&8e used. In continue tiis studyarticle the
structure of three input STNOR and STNAND are propo$hdse structuresre shown irFigure
3[4].
Table 1.The performance of TNAND and TNOR [4]
Delay(x10%?s) Average power Energy

Gate consumption consumption
(107w) (x1018))

STNAND 20.931 2.2739 4.7595

STNOR 19.807 1.8899 3.7433
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In,-cl

D=1.487nm

ind
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PTNAND Co
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D=0.783nm
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(b)

Figure 3. schematic of proposdd) NAND, (b) NORin [4]

In [29], a coder and decoder based on CNTFTs are desigitstithe ternaryNAND and NOR

gates are degined and then, these universal gates are implemented to design Ternary coder and
decoder. The structure of the proposed Ternary NAND and dEd&sincludeten transistors with
diameters of 1.487, 0.783, and 1.01&nd chirality vectors of (19, 0), (10,0) and (13,0)
respectively. These universal gates are examined under diffeleatl capacitance in order to
measure PDP, EDP and propagation delay. The EDP and PDP of the ternary NAND and NOR are
shown inTable 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%h

EDP PDP Load
Authors (Joule. Second) (Joule) capacitance
' (Farad)
Ternary NOR 3.75e30 1.43e18 le15

Ternary NAND 4.22e30 1.54e18 le15
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Figure 4. Structure of (a) Ternary NAND and (b) Ternary NOR28]

In[2], three outputs/states logic circuits based on CNFETs witht82hnology are presented. The
novelty of universal gates structures is impleradra 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 th@cuit is not in use. Ifi2] in order to design Ternary NAND and NOR
gatesjust two different Nanotubes with diameters of 0.783 and 1™at@utilized. The design of

this nové structure is shown ifigure 5[2]. The PDP, Power, maximum delay, and Delay of the

proposed Ternary NAND and NOR are providedable 3[2].

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



