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Abstract— Abstract— Carbon Nanotube Field Effect Transistor
(CNFET) is a promising new technology that overconseveral
limitations of traditional silicon integrated cirait technology. In
recent years, the potential of CNFET for analog cirdui
applications has been explored. This paper promoaaovel four
quadrant analog multiplier design using CNFETs. The
simulation based on CNFET technology shows that tmegnsed
multiplier has better features than CMOS Multiplier.
Multiplier-divider circuits is using in digital sgnal processing
base on neural networks and communications (amplifievith
variable gain, modulators, detectors and,...).In Moaf CMOS
analog circuit, transistors are only in triode @aturate regions;
till now both regions not used. In this one kind afirrent mode
multiplier- divider circuits is intrudused.it is v simple, has low
die area and wide range in low voltage . all toughglircuit has
no sense to temperature variation and varying pareters.

Index terms—CNT ,Analog signal processing, cent- mode
operation, multiplier, reconfigurable circuits

I. INTRODUCTION

Signal processing circuits find a multitude of plions in
many domains such as telecommunications, medi
equipment,hearing devices, and disk drives [1]-[#le

In order to implement the multiplication of two
differential-input voltages, in [16]-[18] multipliecircuits
were described based on mathematical principles|asito
the methods used for multipliers with single- inpottages.
As one of the promising new transistors, carbonohdye
field-effect transistor (CNFET) overcomes most die t
fundamental limitations of traditional silicon MOBF. The
excellent device performance of carbon nanotubeT(ON
attributed to its near-ballistic transport capapilinder low
voltage bias [2]. Intense research on carbon naeotGNT)
technology has been performed on digital circugtli@ptions
such as logic or memory, as well as radiofreque(iRiy)
devices for analog applications. The potential fogh
intrinsic device speed [3] and demonstration of EN& with
a cut-off frequency fT as high as 80 GHz [4] havdidated
that CNT-based devices are well suited as buildingks of
future analog and RF circuits. CNFET structurerislar to a
conventional MOSFET except that its semiconducting
channel is made up of carbon nanotubes (CNT) asrsi
Figure 1. Since the electrons are only confinethéonarrow
notube, the mobility goes up substantially onoant of
near-ballistic transport as compared to the bulkS#ET.

preference.for ap analqg approach- of signal prqugass The near-ballistic transport is due to a limitedries-phonon
systems being mainly motivated by their low-powgemtion iteraction because of larger mean free paths ofistic

and hi.gh sp.ee-d that. allows  a r.eal-time Signaﬂhonons [5]. Additionally, CNFET shows higher cutre
processing.Multiplier circuits  represent intenswelised  josiry and higher electron mobility of the ordeL04— 105

blocks in analog signal processing structures.mbgvation
for designing these computational structures eteel to their

extremely wide range of applications in analog aign
frequency
fitting

processing, such as adaptive qualization,
translation, waveform generation and curve-
generators, amplitude modulation, automatic gaintrog

squaring and square rooting, rms-dc conversion,raheu
adaptive filters, or measurement

networks, and VLSI
equipment. Based on subthreshold-operated MOSdtars
the realization of multiplier/dividers [5]- [10]gaires simple
architectures. In order to improve the frequenspoase of
the computational structures and to increase thgirdB

bandwidth, many analog signal processing functicars be
achieved by exploiting the squaring characterisfidOS

transistors biased in saturation. In [11]-[15], tplier

structures were presented with single-ended inpliages,
the linearization of their characteristics beindaited using
proper squaring relations between the input paiémti
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cm2/Vs [6] compared with 103 cm2/Vs for bulk silico
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Figure 1. CNFET device structure with multiple nanotubes
(CNFET_L3) and with a single tube (CNFET_L2) as
illustrated in [2].

Substrate

CNFET_L2

The sizing of a CNFET is equivalent to adjusting ttumber
of tubes. Since the mobility of n-type and the rligbiof

Dr. Zoheir Kord Rostami, Department of Electrical Engineering, Shiraz p-type carriers inside CNTs are identical, the minin size is
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1 for both P-CNFET and N-CNFET [7]. The deviceumed
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on or off by the applied gate voltage. Thus, CNR&®& high circuit from Fig. 2 is byt = loytl—lout2+2lo, resulting byt =
quality semiconducting material. (Io 17) /12. The aspect ratios of MOS transistors from. &2
are as follows: M1- M5, M7-M11, M13-M15, M18-M23
4.5/0.9; M6, M12 10.8/0.9; M16, M17 9/0.9. The chipa of
the multiplier/divider implemented in 0.18n CMOS
technology, shown in Fig. 1, equals approximat€l9 8m2
(including pads). The negative feedback loops #morce
M4 and M15 transistors and, respectively, M8 and8M1

The potential of CNFETSs for analog circuit desigexplored
in recent works [7,8]. CNFET also exhibits propestiof
higher current densities, higher transconductarioeer
intrinsic capacitances, as compared to CMOS, whiakes
CNFET attractive for linear analog circuit applioas. It has
bgen demonst_rated that CNFETS have the_potenmbmde transistors to have the same current are stabiee gheir
higher linearity as compared to silicon or IlI-V . . .

. . speed is suitable for obtaining the requested &Bqu
semiconductors [9]. Therefore, low power and h|gr}eS onse for the desianed circuits
bandwidth analog circuits can be designed baseaNFET. P 9 '

The four quadrant analog multiplier circuit is arsatile : Voo
building. block qseq for numerous communication. algn Mg‘ﬁ[ lLE‘M”

processing applications. In contemporary VLSI chife o

analog CMOS multipliers are widely applied in phések . MW*H Mu:“i HEIKT M16
loops, automatic variable gain amplifiers, mixers, J, * ;| K
modulators, demodulators and many other non-linear AT h;yi]H ggﬁjyjfm Eﬁm %
operations - including division, square rootinggedfuency . N i'j; =l 2 Ay

conversion, etc. In most of applications, the askir URWTJ | H '

multiplier’'s features are good isolation betweegpuiroutput PETI PR 2“’

pQrts (espec.ially for RF sygtgms), wide input dyitarange, UHMl[JTI M Mﬁ]L‘ mnu Fﬁ M8

wide bandwidth, symmetric input/output delay, lowwer 1

dissipation and low voltage supply [10]. Followitige early v @ < ‘c‘v i

work of Gilbert [11], a variety of multipliers haseen Fig. 2. Implementation of the multiplier/divider circuit.

designed with different optimization objectives {13].  B.erors Introduced by Second-Order Effects

Multipliers have been built around various topoksgusing . : . -
. . The most important errors introduced in the mukigl
Bipolar, CMOS [12,13] and Bi-CMOS [14,15] based mp mrocuiced i

circuits. The general idea behind these designs igilize
electronic devices like BJT or MOS transistorsitogess the
two input signals, followed by a cancellation ofces caused
by non-linearity of the devices. MOS transistors aidely
used for multiplication process, while differentiaircuit
structure is generally used for nonlinearity calatiein [1D].

divider circuits’ operation are represented byrttiematches,
channel effect modulation, body effect, and mopilit
degradation. As a result of these undesired effdwsproper
functionality of previous circuits will be affectdry additive
errors. The values of these errors are relativeilisbecause
second-order effects are smaller with a few ordér o
magnitude than the main squaring characteristit riiwdels
I THEORETICAL ANALOG ANALYSIS the MOS tra_1n3|stor o_peratlon)_. Additionally, a ritulie of
specific design techniques exist that are ableotopensate
Original implementations of current-mode multiplidivider  the errors introduced by the second-order effedise
structure will be presented. The main goal of theppsed practical realization of translinear loops using
design is related to the accuracy of implementettfan.  common-centroid MOS transistors strongly reducethors
The current-mode appl’oach of the multlpller/leIdECUltS introduced by the mismatches between the Correg}p@nd
strongly increases its frequency response. A furthejevices. The design of current mirrors using cascad
advantage of the independence of the computatralit’  configurations allows an important reduction of &wors
output currents on technological parameters is that caused by the channel length modulation. In thisation, a
contributes to an important increase in the acquodcthe  tradeoff between the impact of the second-ordercesfand
multipliers and dividers. Addltlona”y, the Opelmi of the the minimal value of the Supp]y Vo|tage must bécp‘e‘ned
proposed circuits is not affected by the tempeeatuiBecause the bulks of an important number of MOSsitors
variations. from Fig. 1 can be connected to their source (asualt of the
A.Multiplier/Divider Circuit original proposed circuit architectures), the esriotroduced

The second original realization of the multiplievider by the bulk effect can be canceled out for thesécde.

circuit is presented in Fig. 1. The equation of fimectional C. Small-Signal Frequency Response of Multiplier/
loop containing M1, M2, M4, and M5 gate-source agiis Dividers

can be expressed asfollows: The multiplier/divider circuit proposed in Fig. & designed
Vs (12) = VGS (lours) + Ves [lours + 2(11 +10)] 1) for aIIOW|_ng a h|gh band_vwdt_h. In order to achighés goa!,
Resulting there exists a single high-impedance node, noted Aj
z which will impose the maximal frequency of operatid@he
_ 20 +Ip) | AU+ Io) L S
fouT: = Iz — = £ 1602 : ) frequency response of the multiplier/divider citquiesented

in Fig. 2 is poorer than the frequency responsthefcircuit
from Fig. 1, because in Fig. 2 there exist three
high-impedance nodes (A, B, and C). As most ofiibees in

‘c,,o
gﬂ. 2\
{ I;:] A ENT
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A similar expression can be obtained for thgy2 current,
replacing in (4) the (I+ lp) current with (1 — Ip) current. The
expression of the output current of the multiplidivider
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a circuit represent low-impedance nodes, it is etqubthat
the proposed circuits to have relatively high maalim
frequencies of operation (79.6 and 59.7 MHz, retyay,
obtained after simulations).

Ill. SIMULATED RESULTS

The IOUT (11) simulation for the first multiplierdder
circuit proposed in Fig. 2, for an extended ranigd current

(between 0 and 10A), is presented in Fig. 3. The 1O current

is set to be equal to 40A, while the 12 current has a
parametric variation: 1) 10A; 2) 20uA; 3) 30pA; and 4) 40
pA.
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Fig. 3. loyt (11) simulation for the multiplier/divider circuit
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Fig. 4. Smulated linearity error for the multiplier/divider
circuit.

The simulated linearity errors of the IOUT (11) cheteristic
for the multiplier/divider circuits are shown indgd. The
eMULT error is defined as the difference between ittesal
linear characteristic of the multiplier/ dividergtture and its
real characteristic, implemented using the origpraposed
computational structure. Taking into account PVd Monte
Carlo analysis (performed for 2 standard deviadiotise
linearity errors of the circuits are smaller thai@3% (first
multiplier/divider) and smaller than 0.9%
(secondmultiplier/divider). The 10UT (I2) simulatiois
presented in Figs. 4. The 10 current is set todueakto 10
uA, while the I1 current has a parametric variatibh10uA;

2) 20pA; 3) 30pA; and 4) 4QuA. The range of 12 current was
chosen to be betweep® and 10pA. The simulation of the
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Fig. 5. oyt (12) simulation for the multiplier/divider circuit.

The transient analysis for the multiplier/divideircait
proposed in Fig. 2 is shown in Fig. 6. The IO cotris a
sinusoidal current with a frequency of 1 MHz and an
amplitude equal to 20QA, the 11 current is a sinusoidal
current having a frequency of 60 MHz and an amgétaqual

to 300uA, while 12 is a constant current equal to 3¢Q The
simulations were made using the BSIM4 model, assedi
with a 0.18um CMOS process, MOS active devices having
fT = 3.5 GHz. Comparing with alternative implemeitas in
0.35um CMOS technology of the proposed
multiplier/divider structures, some important ackeg@s can
be achieved. The supply voltage can be decreasad3drto
1.2 V, correlated with a relatively important dease of the
circuits’ power consumption. Additionally, the diits’
bandwidths can be increased by their implementation
0.18um CMOS technology. A comparison between the
performances of multiplier circuits reported in ghevious
works and the multiplier/divider circuit in Fig.2 presented

in Table I. The proposed multiplier/divider struets have
the most important advantages, such as the smhtieatity
error and an increased bandwidth, compared withiqgusly
reported circuits. The circuits were designed for
implementing in 0.18sm CMOS technology, being supplied
at 1.2 V. If the range of input currents is limited)—5uA, the
power consumptions of both proposed multiplierfdiri
circuits (60 and 79uW, respectively) are smaller than the
power consumption of most previously reported discd he
input referred noiseis smaller than &/ \ Hz for both
proposed multiplier/divider structures.
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Fig. 6. I0UT (t) simulation for the multiplier/divider circuit.

multiplier/divider frequency response shows a -3 dB

bandwidth of approximately 59.7 MHz.
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[12]
Table |
Comparison Between The Proposed Ultiplier/Divider [13]
Circuits and Previous Reported Works
14
Reference Technol Suppl Linear Power | Bandwi o
no./Param ogy y ity | Consump dth [15]
eter [tem] Volta Error | tion [uW] | [MHZ]
[16]
ge (0]
V1 [17]
CNT 0.032 1.2 0.5 1.46 85
based [18]
CMOS . 0.18. 1.2 .0.75 60. 79.6
[19]
based
[20]
IV. CONCLUSION [21]

A novel analog multiplier using carbon nanotube BES
proposed The current-mode operation of the proposegb2]
computational structures further increases theuitg’c
accuracy, while the removal of the impact of terapae
variations on the circuits’ operation additionatiyntributes
to the increase of the multiplier/dividers’ perf@nces.
High linearity and good noise performance has beer[24]
achieved by well designed structure of multiplienda
fine-tuned parameters of CNFET. The performancéhef

(23]

proposed multiplier is also compared with similarks on [25]
multiplier in CMOS technology.

[26]
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