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New Ternary Logic Subtractor Using Carbon
Nanotube Fiel-Effect Transistor

Tahere Panahi, Saideh Naderi, Tahere Heidari, Elham Zeidabadi ngjad , Peiman K eshavar zian

Abstract— In this paper, we present a new Ternary logi
Subtractor (TLS) that is implemented by CNTFET. In aitidn,
we investigate the design of two Novel subtractorsdzhon the
proposed TLS. Ternary results are better than then&iy ones.
Results show large decrements in delay time. Furthtbe second
presented circuit with its Simulation results has denstrated
significant development in speed, area and power suamption.
In the past extensive design techniques, Multiplelved Logic
(MVL) circuits (especially ternary logic invertershave been
proposed by CMOS Technology. Here, the new TLS based
CNTFETSs is presented, and wide simulation results haween
done by HSPICE.

Index Terms— CNTFET, Subtractor, Multiple-Valued Logic.

I. INTRODUCTION

By adding a new logic value to the Binary logic, atéain
Ternary logic, for designing a device to achiewsdopower
consumption and area saving on the chip. By usngaty

single one dimensional band structure which carclirte
backscattering[2-4]. The single-wall carbon nanetub
(SWCNT) is one dimensional conductor which can itieee
metallic or semiconducting based on carbon atoms
arrangement [5]. The semiconducting carbon nanstube
display features for creation field effect transistand logic
gates [6].Carbon nanotubes (CNTs) are formed blngol
sheets of graphite. They have been expected foo Neale
electronic devices [1-7-10-19]. Several studiesehaliown
that CNTFETSs load resistive based ternary logiclmamised

to create a variety of electronic functions, suglnan-volatile
memories[16] and logic gates (Nor, inverter, eft3-13].
Principally, there are two ways to create devige€RTFETS.
The first way is carried out by transferring thgitofunction
directly to the instance technology, i.e. replacitiie
MOSFET with CNTFET. The second way is done by
CNTFET technology characteristics[17]. Because loé t
limitation on MOSFET technology, such as physical
limitation and power consumption in contrast tohhgpeed

logic, we have this horizon to reach faster speaed aand low power consumption devices demands, itadipted

simplicity in designing.

For the last couple of decades, multiple-valuedtl@g VL)
has attracted considerable consideration, espga@ationg
circuit and system designers [14].

MVL changes the traditional Boolean classificatioh
variables by means of restrictedly and also unéidiit many
values such as ternary lodits] or fuzzy [16]. Ternary logic
has attracted due to its potential benefits oveanyilogic for
the design of digital systems. For instance, jpassible for
ternary logic to attain simplicity and saving sineegy in
digital design since the logic reduces the compjexif
interconnects and also reduce the number of theigi@rs.

Chip area and power consumption can be decreasesl mo

than 50 percent by using MVL completion for a sigB@-bits
multiplier compared to its fastest binary corresging item
[17]. Two types of MVL circuits based on MOS teclogy
existed in [17], the current-mode MVL circuits artie
voltage mode MVL circuits. Voltage-mode MVL circsiit
have been obtained in multi threshold CMOS [20].

In addition, serial and Serial-parallel
operations can be performed faster if it is to beduin the
ternary logic [1]. Nowadays, new research is bealnge to
replace the silicon technology with Nano technologgr
example, CNTFETs are most hopeful parts becauskeof
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 function, if X={x1,x2,..
mathematuf

that they are facing the dead end [21].The muftgghold
CMOS design is based on transistor body effectsapply
different bias voltages to the bulk terminal of thensistors.
CNTFET threshold voltage is inversely related tce th
diameter of the CNT [18] .Here, a novel multi-valuegic
design based on multi-threshold CNTFETS is preseated
accordingly contrasted with existing MVL designsé&a on
single threshold CNTFETs. Remaining of this paper i
organized as follow, and the wide-ranging HSPICE
simulation results have displayed substantial atdwms in
terms of power consumption and rate.

Il. REVIEW OF TERNARY LOGIC

In the ternary logic, we have three logical valtres show
the third value compared to binary logic.

We use 0, 1, and 2 respectively for false, unddfirsnd
true representation.

Where F(x) =(x1,x2,..,xn) we have {0,1,2} as a i
.xn}, the main operations dfernary
ogic will be implemented as below equivalent:
If xi, xj [1{0,1,2}

Then

Xi+Xj=max {Xi,Xj}
Xi.Xj=min {Xi,Xj}
(X_i) 0=2-Xi

1)

hWe assume symbols as following:

- are correspondingly for OR, AND, NOT [22].
Table 1. Logic Symbols

Voltage level Logic value
0 0
AV 1
Vg4 2
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The most important and main part of logic desigstesns
is ternary inverter which is an operator with tldldwing
standard while describing X as an input and YO,¥Y1 a6
three possible outputs, such as :

Y(STI) =Cy(x)= X, =2-x 2
2ifx=0

Y(NTI)=C2(x) 0 ifxed (3)
2ifu=2

PT)=C300= .. _ (4)

For that reason, the achievement of a ternary ievamould
involve three inverters, a standard ternary inve{g&Tl), a
positive ternary inverter (PTI), and a negativaaey inverter
(NTI), ify0, y1, and y2in Equation (2) are the puts [1]. The
truth table of the three ternary inverters is shawiable 2
(Stanford University CNFET Model website).

Ill. CARBON NANO TUBE FIELD EFFECT
TRANSISTORS

Carbon nanotube field effect transistors (CNTFEIsd
semiconducting single-wall CNTs to collect electeoon

devices close to MOSFETs [24]. A single-wall carborenT [17].

nanotube (SWCNT) contains only one cylinder; thapse
mechanized process of this device makes it venyrimgsfor
use as a transistor in place of today’s MOSFET.ifstance,

While a0 = 0.142nm is the inter-atomic distance @agno
each carbon atom and its around, Figure 1 shows the
schematic diagram of a CNTFET [23-25]. Similar tet
traditional silicon device, the CNTFET has foumtérals as
well. As shown in Figure 1, undoped semiconducting
nanotubes are located under the gate as chanme]2jre\s
the gate potential gets higher, the device is elestitically
turned ON or OFF through the gate.

The current-voltage (I-V) characteristics of the TTNET
are comparable to the MOSFET’s. The threshold geltis
defined as the voltage required turning on thesisior. The
threshold voltage of the intrinsic CNT channel che
approximated to the first order as the ¥z band ghjh is an
inverse function of the diameter [24-25] , i.e.
Vin 28 = s

(6)

Wherever a = 2.49 A is the carbon to carbon atoatep
V_n= 3.033e V is the carbomn bond energy in the tight
bonding model, e is the element electron chargéPEENT is
the CNT diameter. If CNT chirality is (19, 0) arebtdiameter
is 1.487 then according to equation (4) the volia@e293 V.

As the chirality vector changes, the thresholdagst of the
CNTFET will also modify. For instance, the threshwebltage
of a CNTFET using (13, 0) CNTs is 0.428 V thougk th
threshold voltage of a (19, 0) CNTFET is 0.293V.

CNTFETs provide a single option to manage threshold
voltage by changing the chirality vector or thendéder of the
In addition, they have reported advances
processes for manufacturing well-controlled CNT]s [9

Therefore, here we use a multi-diameter CNTFET-thase
design for the ternary inverter implementations, sleowing

2 eDewnr

a SWCNT can act as a conductor or a semiconduct@fe T S According to figure.2, inverses of INA adB

depending on the angle of the atom arrangemengsilde the
tube. This is submitted to as the chirality vectord is
corresponding to the integer pair (n,m). A simglghhique to
determine if a carbon nanotube is metallic or sendeicting
is regard to its indices (n, m). The nanotube itaitie if n=m

or n-m=3i,i is an integer. Otherwise, the tube

semiconducting. We can calculate the diameter @ GNT

based on : [23-25]

DCNT="Z4n? £+ m? + nm

(5)

gale

Source
drain

SWNTs

()
Drain

CNT

ource
(b)
Fig. 1.diagram of a carbon nanotube transistor
Figure 1. (a) side vision; (b) top vision.

215

have done by STI circuit.

R=100kQ

is

ouT

0kQ

T2

D=1.487 nmJ

Fig.2. Schematic diagrar; of CNTFET_:_based STI predas
[17]

A. Existing Design

A CNTFET-based ternary logical design has beennitan
[17]. It uses dual-diameter CNTFETs and resiskigsire2
shows the schematic diagram of the STI by meaaspoiwer
supply voltage of 0.9 V (as the default value & @NTFET
[24]. Consequently, logic 0 matches to a voltagee/éewer
than 0.3 V, logicl corresponds to a voltage valmersg 0.3
and 0.6 V. Moreover, logic 2 matches to a voltagjee larger
than 0.6 V. InFigure2, transistors (T1) and (T2yéa
diameter d1 = 1.487 nm,d2 = 0.783 nm respectively.
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As a result, the two transistors have thresholdagels of

Vthl =290 mV and Vth2 = 550 mV, consecutively. When

input voltage is poorer than 300 mV, both T1 andaf@ OFF,
and output voltage will be 900 mV. While the inmaitage
raises further than300 mV, T1 is ON and T2 is Cdike the
output voltage is near to Vdd/2 till the input \agje reaches
toVth2. As soon as the input voltage overVth2, Batland
T2 will be ON and the output voltage is pulled &anzero.
Selecting CNTFETS by suitable threshold voltagesraary
logical inverter design will be obtained. Nevertss,
according to Figure2, two large resistors (typical0 MQ or
larger) are needed to plan the design of [17]. Hewnetheir

values are too great to be integrated into CNTFET

technology. In this paper we use two pass gatesigt@ar’s in
order to resolve this problem

Fig. 3. Proposed CNTFET-based STI designing [17]
B. Proposed CNTFET-based design

The Inverse of INA and INB by STI circuit is shovm
figure 3. In this inverter T1 controlled Vdd whesdagic "0"
is requisite. Therefore, the power consumption balllower
than the previous STI (figure 2).

IV. SUBTRACTOR BASED ON TERNARY INVERTOR
DESIGN BY 30 CNT

Truth table 3.Ternary subtractor Table

B\ﬂ 0 1 i
0

0 1 2

1] 1 0 1

2| 2 1 0

Truth table shows the performance between ther&etbt
circuits. When the difference of two inputs is gital unit,
the logic of output will be '1".

For instance, in the second step (10-20ns) thattiApis
equal to logic "1' and input B is equal to logictt®e signal
output is logic '1'.

While difference of two inputs is 2 logical unihet circuit
output is equal to logic '2', and it only takes tateps in
(20-30ns) and (60-70ns).Finally, when both inputsequal,
the output logic circuit will be 0.

The input signal has the quality to create allhaf Ternary
logical states.

Truth table3 shows the functionality of the Subtvagalue
in 0.9 voltage source and at room temperature.
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Fig. 4. Schematic of first design

Figure 4 shows subdivided circuit for implementatiof
ternary logic function by CNTFET, first is relatéd state
zero, second to state one and finally third whicintains
PCNTFET will produce both states one and two adogrtb
truth Table.

Figure 4 demonstrates that, Where A and B are emual
logic zero; both T14, T15 will be ON and the outpuiit be
zero. By changing B to statlogic'l’;T9,T5,T10 and
T23,T24,T28 will be ON The output is equal tol/2bdear
in mind T13 and T22 acting as voltage distributBy
changing B to logic (state) '2', it makes T1, T2 @i the
output will be vdd.

If A equal to logic state '1' and B equal to ldgic
T8,T11,T12 will be ON while T25,T26,T30 are ON img
input state, therefor through voltage distributar dutput will
be 1.

If Aand B are equalto'l’, T16, T17, T18, T19Wdid ON
and the output has sate logic O.

If A equalto logic state '1'and b equal to |&@jicT 25, T26,
T29 will be ON while T7,T1,T12 are ON in this inpstate,
therefore through voltage distributor the output e '1'.

If A equal to logic state '2' and B equal to T8, T4 are
ON, which impose the output to Vdd Where A equdbtyic
'2" and B equal to logic'l', T6, T9, T10and T234T227are
ON in this input state, therefore through voltagstributor
the output will be 1/2Vvdd.

If both A and B are equal to logic'2"; T20, T21lwie ON
and we have logic zero\in the output.

€8/°0 €8.°0

Fig. 5. Schematic of second design proposed Ternary
subtractor based CNTFET
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V. SUBTRACTOR VALUE BASED ON TERNARY shown in figure (7),(8) that the second designless power
INVERTOR DESIGN BY 30 CNT BY 18 CNT and delay compared to first design. ThereforePhE of first
First: design is higher than the second design. Trangistant is an
If B is equal to logic zero, (T11, T2) will be OMaA will  IMPortant property in this paper thus we proposedsecond
be in the Output. On the other side, if A='0' (T10) is ON, design. _ _
B will be in the Output. Table 4. Simulation results

Second: Design Delay Power PDP
In this state that we have A=B=1/2 Vdd, the outpilitbe CNTEET

controlled via T11, T15, T17, T18.Thatonly in tkituation, with 18 5.9113E-12| 3.5116E-06 20.75812E-18

all of these four transistors will be ON. transistor

Third: CNTFET 64.5593E-18
If A=B =Vdd then T12 and T13 will be ON and outpuitl with 30 17.879E-12| 3.6109E-06 }

be pulled down to logical ‘0’. transistor

In the other conditions the output should have biifdd .
According to truth table , if ‘A’is equal to Vdahd ‘B’ equal As the CNTFET transistors threshold voltage is delpe
to % Vdd and vice versa output has state logi(réigardless ©on diameter of nanotubes, therefore by changinGMeFET
of second and third conditions) the first stateastrolled via chirality, circuits can be designed with differestipply
(T3,T4,T5) and the second state is controlled Vi@, (T7, Voltages. Here, we have performed simulation fdifterent
T8); this situation is provided by adding two smtors (T17, Voltages and 3 various temperature for two propaiesigns.
T18) to the design. Two transistors T9 and T16eanployed ~ Simulation results are shown in figure (7) and (8).

as output voltage distributors. Results have shown that the TLS by second design
Subtractor has better performance in terms of HiaR the
VI. SIMULATION RESULTS previous designs and we observe reduction in storsi as
well.
A. Simulation result for TLS By 18 transistor Changes in voltage and temperature are signifisanés in

A wide simulation on second Subtractor with 6 vasio the design of digital circuits. Systematic charigee supply
voltage sources has been performed. Accordinggirdi 6 VOltage and temperature is a major challenge ireketronic
(@),(b) by increasing supply voltage, increasingwgo devices in terms of energy and delay. To _determhl_aeeffect
consumption and reduced delay, the minimum PDP el Of temperature and voltage of these designs, stranlaas
achieved in 1V. Figure. 6, shows transient respofigeputs 0€en done by HSPICE. The simulations for five deffe

and outputs in Vdd=0.9 and in room temperature. voltages (0.7, 0.8, 0.9, 1.0, 1.2, 1.4V)in additior8 various
temperatures(0, 27, 100 °C) have been executed.
B. Simulation result for TLS By 30 Transistor Figure.7 (a) and (b)have shown power and delayfiver

different voltages. When the voltage increasessitielation

at 27°C and shows a variety of source voltagesetaydand _results _|nd|cate that the t(.j8|a3|/ will bel (_jtecrt_ebz:asg\l;sqs
power consumption. increasing power consumption. In normal situatib@.aV in

Results show that the first TLS is the same asrskgaS, sec_ond design, power is higher than its counterpart
by increasing voltage. Accordingly, the power wilk Figure.7(c) and 7 (c) have shown bar graph of tep

increasing versus decreasing delay. delay product (PDP) with different supply voltagasd

: temperatures for two proposed design.
According to result of the PDP, we observed tha th ) .
minimum PDP of first TLS is achieved at Vdd=0.7V. We have the best PDP for first and second desigh9V

Fi Sillustrat tout and two inputsoded by A and 0.7V, respectively. _
andlg;re riustrates one oufput and two inpu y In the worst case (1.4V), that is the second TLS have

approximately 400% improvements (compared to tliteain
design) in terms of PDP and number of the transisto
Sefe : - : _ The results indicate that delay of the second Tr&given
ST Sl e o voltage transistor is lower than its counterpart.

CT Timels T

The Simulation which has been done in room tempezat

Voltage (V)

Fig. 6.transient response of first TLS

C. General conclusions

To compare the first and second designs, worseydela
power dissipation and PDP (power-delay product)oftao
novel designs are evaluated. Due to making tratlieetdveen
the delay and the power consumption, we calcul&Be 8 4
which is product delay and power, Table4.

The PDP is an important parameter and it is used in
measuring and comparing circuits. We have donelations
at different temperatures and voltage by HSPISEa$tbeen (@)

Mazximum Delay [ps)

trs VA trs T
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Fig. 8. (a) Transient average power of CNTFET fffansient
worse delay of CNTFET(c) Power Delay Product (PBP)
© two Subtractors with different temperature (°C).
Fig. 7. (a) Transient average power of CNTFET T{@nsient
worse delay of CNTFET.(c)Power Delay Product (PBP)
two Subtractors with different Voltage.

trs A trs T

Figure9. lllustrates figure of inputs and outpu¥itd=0.9 and
in room temperature at 27°C.

To test the protection of the changes in tempesatur
modeling designs are simulated in different temijees.
Figure 8(a) shows both Subtractor with various terapres
(0,27,100°C). In summary, the delay of second desig
every temperature is lower than its counterpart.

Figure 8(b) shows power consumption of both desigjtis
3 different temperatures.

Once the temperature raises the simulation, thatseshow ' T fime(s) o
that the propagation delay will be decreased agains Fig.9.transient responseof TLS
increasing power consumption. Figure 8(c) shows the
have the best PDP for both subtractors il('l:
temp=100°C.Simulation results have illustrated thatising
temperature we will have better Delay and worsed?dwour
subtractor CNTFET designs. In the worst case (X0Pif
second TLS we have about 400% development in tefms
power and delay than the initial plan.

Sroltage (V)

Mo W B

In our design to resolve the resistors problemsyseetwo
NTFET transistors. The Simulations are carried wugihg
HSPICE with CNTFET model (Stanford University CNFET
Model website)by the supply voltage at normal \gdtén 0.9

V. Table 1demonstrates circuit parameter of TLSt tha
consumes less power. As demonstrated in diagranmes, t
second proposed TLS has better PDP in comparisaneto
first TLS.

-

VII. CONCLUSION

In This paper we have introduced the ternary suotuirdy
using the entire CNTFET characteristic. Initiallyye
presented a novel ternary logic Subtractor (TLSyedy
B 30transistors with CNTFET and then the TLS by 18
I transistors. Afterwards, we compared these newgdssio
—— each other. The second TLS proposed architectungsstan
— average, an improvement in power-delay and it hetteb
- PDP than the first circuits. Simulation results éadveen
. . presented in normal condition show that the 18 EirBuit
trs trs T has more than 300% improvement in delay. Simulatine

(a) carried out using HSPICE simulator by CNTFET mode!
two presented designs.

-
>

-
i

-
=

Mazximum Delay [ps)
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