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The endeavor to overcome problems of complementary metal oxide semiconductor technology (CMOS) 

makes the advent of carbon nanotube field-effect transistor (CNTFET). Improvement of carbon nanotube 

field-effect transistor structure leads to higher mobility and electrostatics of gate electrons. Therefore, 

many analog circuits are now designed based on carbon nanotube field-effect transistor technology. This 

paper presents a low power current mode four-quadrant analog multiplier based on CNTFET and CMOS 

technologies. All simulations were done with the synopsys Hspice simulator using 32 nm CNTFET model 

from Stanford University and 32 nm CMOS from PTM library at a supply voltage of 3.3 V. It was shown 

that the simulation of a multiplier based on carbon nanotube field-effect transistor technology performs 

better than a multiplier based on CMOS technology. 
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1. INTRODUCTION 
 

CMOS (complementary metal oxide semiconductor) 

technology has continued to scale down below 32 nm. A 

reduction in the size of transistors may cause several 

problems in nanoscale. Therefore, the need for new 

technologies to improve the structure of nanoscale tran-

sistor increases a lot. Carbon nanotube field-effect tran-

sistor (CNTFET) is one of the best structures of na-

noscale transistors. The thermal and mechanical char-

acteristics of CNTs, such as current density, transcon-

ductance and lower parasitic capacitance make this 

nanotechnology better than other technologies in na-

noscale integrated circuit. This creates the platform for 

many integrated circuits to be simulated based on car-

bon nanotube field-effect transistor technology such as 

logic gates in VLSI [1] and analog circuits in radio fre-

quency (RF) devices [2]. 

One of the basic blocks in analog circuits is a multi-

plier, and it is the most important part of adaptive 

filters, modulators, signal processing circuits and fuzzy 

logic controllers. An ideal multiplier produces a linear 

output signal, which is obtained from two linear input 

signals with a constant designated as k [3]. The analog 

multiplier can be divided into two groups, voltage mode 

[4] and current mode [5-7]. 

This paper presents a low-power and high-speed 

four-quadrant analog multiplier in the current mode 

based on dual translinear loops using 32 nm CMOS 

and 32 nm carbon nanotube field-effect transistor tech-

nologies. Since different parameters of low-voltage 

circuits can be improved by enhancing the technology 

at the nanoscale, carbon nanotube field-effect transistor 

technology is applied. All the simulations were per-

formed using Hspice with 32 nm CMOS from PTM 

library and 32 nm carbon nanotube field-effect transis-

tor from Stanford University technologies. 

 

 

 

2. BACKGROUND 
 

2.1 The Carbon Nanotube Field Effect Transistor 
 

Single-walled carbon nanotube (SWCNT) is a rolling 

sheet of graphene with specific direction, which is called 

chirality vector. Chirality vector shows the angle of the 

carbon to carbon (c-c) atoms. The length of the chirality 

vector can be calculated as shown in Eq. (1) [8]. 
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where  is the lattice constant which is equal to 

0.249 nm, n1 and n2 are pairs of integer numbers which 

are dependent on the chirality vector. CNT is metallic if 

 1 2 3n n i i Z   , and other modes are semiconductor. 

The tube diameter (DCNT) is determined as shown in 

Eq. (2) [8].  
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The structure of a carbon nanotube field-effect tran-

sistor is similar to that of a CMOS transistor, but the 

channel of a carbon nanotube field-effect transistor is 

CNTs as shown in Fig. 1. Electrons move fast in the 

CNTs, so the mobility factor increases rapidly as a bal-

listic transport [9]. However, current leakages reduce 

because of less parasitic parameters. In a CNTFET, the 

number of tubes is determined by the drive current. 

 
 

Fig. 1 – Three dimensional CNTFET structure with multiple 

nanotubes 
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There are three types of carbon nanotube field-effect 

transistors depending on their structures. First, Carbon 

nanotube field-effect transistors have the same struc-

ture as CMOS transistors. This kind of carbon nanotube 

field-effect transistors does not have any differences 

between n-channel and p-channel. Fig. 1 shows this 

kind of carbon nanotube field-effect transistors which is 

used in this paper. Second, carbon nanotube field-effect 

transistors are Schottky barrier (SB) with direct tunnels 

at the junction of the source-channel. The application of 

this kind of carbon nanotube field-effect transistors is in 

the RF frequency devices [10, 11]. Third, band-to-band 

tunneling carbon nanotube field-effect transistors. The 

current passes through the tunnels. The best applica-

tion of these transistors is at the low voltage [12]. 

 

2.2 Analog Multiplier Design Theory 
 

One of the most important fundamental blocks in 

analog integrated circuits is a multiplier. The one of the 

best CMOS based current mode four-quadrant analog 

multipliers is shown in Fig. 2 [13]. The two signals which 

are multiplied are not entered directly. The addition and 

subtraction of two signals (mentioned in (3) and (4)) 

which are multiplied are entered. If the circuit designed 

produces the square of each inputs and subtraction of 

these squares, the output signal of a four-quadrant ana-

log multiplier is multiplication of two signals deter-

mined, which is written as shown in Eq. (5). The circuit 

in Fig. 2 can produce these equations, which are ex-

plained in [13] 
 

 1in x yI I I ,   (3) 

 

 2in x yI I I ,  (4)
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where Ib
 
represents a constant circuit in a multiplier. The 

use of appropriate input signals makes this circuit operate 

as a multiplier. All transistors in the inversion region are 

applied to prove that this circuit works as a CMOS multi-

plier. If this multiplier is implemented by using carbon 

nanotube field-effect transistor technology, the above 

equations can be applied. Also, the relationship between 

the source-drain current and the gate-source voltage ap-

plied in the saturation region of CMOS technology can be 

applied for carbon nanotube field-effect transistor technol-

ogy. Therefore, the relationship between the input signals 

and the output signal of this circuit in carbon nanotube 

field-effect transistor technology is a multiplier. 

 

2.3 Second Error Effects 
 

This multiplier circuit has many errors. The most 

important of them are mismatches, channel effect modu-

lation, body effect and mobility degradation, but these 

errors can be neglected because the value of these errors 

is smaller than the mean signals in a multiplier. In addi-

tion, a multiplier that uses carbon nanotube field-effect 

transistors has fewer errors introduced by the second 

error effects of CMOS technology. In this CMOS-based 

multiplier structure, m1, m2 and m3 transistors can be  

 
 

Fig. 2 – A carbon nanotube field-effect transistor based four-

quadrant analog multiplier 
 

built in different wells; therefore, the body effect () can 

become zero in m1, m2 and m3 transistors. Therefore, 

Eq. (6) can be simplified to vth  vth0. But, the body ef-

fect is not zero for m4, m5 and m6 transistors because 

they cannot be built in different wells. Thus there is a 

different voltage between bulk and source in each m4, 

m5 and m6 transistors, which means vSB is not zero in 

these three transistors. The body effect error is im-

portant in CMOS-based transistors because this volt-

age affects the threshold voltage of transistors (vth)
 
as 

shown in Eq. (6) 
 

  0 2 2th th B SB Bv v v ,       (6) 

 

where vth0 is the zero bias threshold voltage, B is the 

bulk potential and  is the body effect coefficient. In 

carbon nanotube field-effect transistors, the voltage 

threshold is inversely proportional to the nanotube 

diameter (DCNT)
 
as shown in Eq. (7) 
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Therefore, the threshold voltage can be determined 

by the nanotube diameter in carbon nanotube field-

effect transistors. 

Mismatch of transistors is the second most important 

error. The design of this multiplier is assumed that all the 

transistors are well matched, kn  kp. But, in the reality, 

all transistors are not asymmetrical (kn  kp). In general, 

in silicon CMOS technology, the NMOS mobility is about 

2 or 3 times higher than the PMOS mobility. However, in 

carbon nanotube field-effect transistors structure, p-

CNTFET and n-CNTFET have the same transport carrier 

and transistor geometry. 

 

2.4 Leakage 
 

Total power consumption in integrated circuits results 

in three power consumptions including short circuit cur-

rent that leads to the power consumption, static power 

consumption and dynamic power consumption. The ap-

propriate circuit technique can reduce the short circuit 

current; however, the static power consumption of the 
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nanoscale circuits is very high. Therefore, traditional 

methods used to decrease static power are not very effec-

tive. In CMOS transistors, static power consumption can 

be indicated by some factors such as sub-threshold, gate 

tunneling and reverse-biased junction band-to-band tun-

neling leakage current. However, in carbon nanotube 

field-effect transistors, a band-to-band tunneling leakage 

current is the main factor that determines the current 

leakage. The current leakage is indicated by the full band 

gap of the CNTs and the band-to-band tunneling. In Ta-

ble 1, the power consumptions of the current mode four-

quadrant analog multipliers using CMOS and carbon 

nanotube field-effect transistor are highlighted. 

 

3. SIMULATION RESULTS 
 

The multiplier circuit was simulated with the Syn-

opsys Hspice simulator using 32 nm carbon nanotube 

field-effect transistor model from Stanford University 

and 32 nm CMOS from PTM library at a supply voltage 

of 3.3 V. In both simulations of the multiplier using 

carbon nanotube field-effect transistor and CMOS, the 

output nodes of the circuits were connected to a power 

source voltage with the approximately vdd/2 volt. In the 

multiplier, IB is a constant current equal to 10 A. 

Fig. 3 shows the DC transfer characteristics of a multi-

plier using 32 nm carbon nanotube field-effect transis-

tor and 32 nm CMOS. These figures show more lineari-

ty of the carbon nanotube field-effect transistor based 

multiplier over a considerable range of inputs (– 10 A 

to 10 A) which have a maximum value that is equal to 

±Ib. The output signal range of a multiplier using 

32 nm CMOS is between – 7 A and 7 A, but the out-

put signal range of a multiplier using carbon nanotube 

field-effect transistor technology is between – 10 A and 

10 A. Since the input signal range is equal, the multi-

plier that uses carbon nanotube field-effect transistors 

shows a higher range of output signals than the CMOS 

based multiplier because a carbon nanotube field-effect 

transistor based multiplier possesses more linearity. 

In addition, a better linearity of the multiplier in car-

bon nanotube field-effect transistor technology can be 

indicated in the transient simulation. The input signals of 

a multiplier, Ix and Iy are two sine signals. Fig. 4 shows 

the output signals and the same input signals, Ix and Iy, 

for a multiplier in carbon nanotube field-effect transistor 

and CMOS technologies. As seen in Fig. 4, the output 

signal of the carbon nanotube field-effect transistor based 

multiplier looks closer to an ideal output signal than that 

of the CMOS based multiplier. This better result of a 

carbon nanotube field-effect transistor based multiplier in 

comparison with a CMOS based multiplier can be shown 

by transient error simulation and total harmonic distor-

tion (THD). Fig. 5 shows the error of this multiplier using 

carbon nanotube field-effect transistor and CMOS in 

which a carbon nanotube field-effect transistor based 

multiplier has less error in comparison with a CMOS 

based multiplier. 

THDs of the multiplier using CMOS and carbon 

nanotube field-effect transistor were calculated in three 

input signal frequencies such as 1 MHz, 100 MHz and 

1 GHz. The simulation results are shown in Fig. 6. Com-

parison between the proposed multiplier and previous 

works are shown in Table 1. 

 
 

a 
 

 
b 

 

Fig. 3 – (a) DC transfer characteristic of a 32 nm carbon nano-

tube field-effect transistor based multiplier; (b) DC transfer 

characteristic of a 32 nm CMOS based multiplier 
 

 
 

Fig. 4 – Simulation results for a transient analysis 
 

 
 

Fig. 5 – Simulation results for error of a transient analysis 
 

Fig. 7 shows the – 3db bandwidths of the multiplier 

using CNTFET and CMOS technologies. As can be seen, 

the – 3db bandwidth of the CNTFET based multiplier is 

110 GHz, although the bandwidth of the CMOS based 

multiplier is approximately 2.45 GHz. 
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The CNTFET multiplier does not have any attenua-

tion, but the CMOS multiplier has a 5db attenuation. 
 

 
 

a 
 

 
 

b 

 
 

c 
 

Fig. 6 – (a) Total harmonic distortion versus input currents at 

1 MHz, (b) total harmonic distortion versus input currents at 

100 MHz, (c) total harmonic distortion versus input currents 

at 1 GHz (various amplitudes of Ix signal and a fixed ampli-

tude of Iy signal) 
 

 
 

Fig. 7 – Simulation results for – 3db bandwidth 
 

Table 1 – A comparison between this work and previous works 
 

Four-quadrantanalogue 

multiplier 
[5] [6] [13] 

This article  

(CMOStechn.) 

This article  

(CNTFET techh.) 

Technology 
0.35 um 

CMOS 

0.35 um 

CMOS 

0.25 um 

CMOS 
32 nm CMOS 32 nm CNTFET 

Power[ ] 5.5 340 214 185 99.4 

I baise[ ] 0.25 10 10 10 10 

V supply[v] 2 3.3 3.3 3.3 3.3 

Thd [%]1 MHz,20 A 1(1 kHz) 0.97 0.96 0.621 0.6205 

–3db bandwidth 0.2 41.8 533 2450 110 GHz 
 

4. CONCLUSIONS 
 

This paper presents a current mode four-quadrant 

analog multiplier using CNTFET and CMOS technolo-

gies. At the same power supply, the simulations are 

calculated using the synopsys Hspice simulator. A car-

bon nanotube field-effect transistor based multiplier 

circuit has better features in comparison with a CMOS 

based multiplier, which includes high speed, high linear-

ity, low power consumption in transient and dc simula-

tions. A comparison between this work and previous 

works shows improvements in many parameters includ-

ing THD, – 3db bandwidth in AC analyzes. 
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Аналоговий мультиплікатор з використанням технології CNTFET 
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Зусилля, спрямовані на подолання проблем технологіїкомплементарної структури метал-оксид-

напівпровідник(CMOS) зумовили створення польового транзистора на вуглецевих нанотрубках 

(CNTFET). Удосконалення структури CNTFET призводить до більш високої рухливості та електроста-

тики електронів затвора. Саме тому багато аналогових схем зараз розроблені на основі технології 

CNTFET. У роботі представлено режим малої потужності з чотириквадрантним аналоговим мультип-

лікатором на основі технологій CNTFET і CMOS (технологія додатковогошару оксид-метал-

напівпровідник). Усі моделювання були виконані із симулятором synopsys Hspice з використанням 

32 нм моделі CNTFET із Стенфордського університету і 32 нм моделі CMOS з бібліотеки PTM при на-

прузі живлення 3.3 В. Було показано, що моделювання мультиплікатора на основі технології 

CNTFET здійснюється краще, ніж моделювання мультиплікатора на основі технології CMOS. 
 

Ключові слова: Польовий транзистор на вуглецевих нанотрубках, Аналоговий мультиплікатор,  

Низька потужність, Одностінна CNT. 

 

 

 


