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Abstract— A procedure of extracting a closed-form user-
friendly I-V equation for short channel carbon nanotube field-
effect transistors (CNFET) in the saturation region is presented
by employing a relation between CNFET parameters meeting the
experimental results. The methodology is based on the Stanford
model and ballistic relation of one channel CNFET. In this
regard, the ballistic relation is simplified to a closed-form I-V
equation, and then, the parameters are estimated through the
fitting algorithm by means of ICCAP and least square (LS)
method, respectively, and the obtained equation is verified by the
experimental results given in the literature. Additionally, an
extended quantitative noise analysis is performed at the circuit
level and the noise sources implemented in Verilog-A are added
to the Stanford CNFET HSPICE model. Subsequently, with the
accordance to the extracted I-V equation, a CNFET-based
inductor-less broadband common-gate low noise amplifier (LNA)
is designed theoretically and its results are confirmed in HSPICE
based on the Stanford CNFET model, indicating a proper
matching between analysis and simulation. The proposed
CNFET-based LNA provides very high frequency bandwidth and
also lower noise figure in comparison with its contemporary
CMOS-based LNA, without any passive spiral inductor.

Index Terms—Carbon nanotube (CNT), field-effect transistor
(FET), short channel, closed-form I-V equation, Low noise
amplifier (LNA), radio frequency (RF), noise figure (NF),
nanoelectronics.

1. INTRODUCTION

ARBON nanotubes (CNTs) have the same properties of

conductors and semiconductors. They are utilized in the
field-effect transistors (FETs) as an alternative to conventional
channels to provide CNFET devices, being considered as
promising devices that could be substituted for CMOS by
continuing scaling trends in semiconductor technology in the
future [1]. Despite the intensive researches on the CNFETSs in
digital circuits and applications [2]-[4], few works can be
found on CNFET applications in analog and RF domain; some
of them are limited to presenting the lumped model for

Manuscript received October 11, 2017. This work has been partially funded
by INSF.

A. Saberkari, O. Khorgami, J. Bagheri, and S. M. Hosseini-Golgoo are
with the Microelectronics Research Lab., Department of Electrical
Engineering, University of Guilan, Rasht, Guilan, Iran (e-mail:
a_saberkari@guilan.ac.ir).

M. Madec is with the ICube Lab., University of Strasbourg, France (e-
mail: morgan.madec@unistra.fr).

E. Alarcon is with the Department of Electronics Engineering, Technical
University of Catalunya, BarcelonaTech, Spain (e-mail:
eduard.alarcon@upc.edu).

CNFET structures as impedance matching components via
metal contacts [5]; other studies have focused on the CNFET
unity gain frequency, fr, as a RF property which is given by
ve/(2nLg) for the Fermi velocity of ve and gate length of L, [6],
and also have performed CNFET device level considerations
[7]. Moreover, RF building blocks features such as noise,
linearity, power, and bandwidth have been reviewed in [8],
[9]. Since the mentioned works indicate that CNFET can be
utilized in RF applications, a simplified user-friendly [-V
equation according to CNFET parameters is required at the
first step of analog/RF integrated circuit (IC) design. In
particular, apart from our preliminary work [10], there exists
no user-friendly I-V equation for CNFET as clear as
MOSFET. In [11], [12], optimum analog CNFET-based
circuit design is suggested; however, their design methods
are just focused on sweeping the CNFET geometric design
parameters. On the other hand, from experimental point of
view, there are some experiments obtained from the fabricated
CNFETs with the channel length of 350 nm - 1 pm in RF
domain, which are categorized as long channel devices, and
some noise analysis are performed [5], [13]. However,
considering short channel devices with minimum size channel
length is desirable to achieve the inherent capability of
CNFETs in terms of noise and bandwidth in comparison with
MOSFETs [14]. In overall, introducing a closed-form user-
friendly I-V equation for short channel CNFET devices by
employing a relation between CNFET parameters meeting the
experimental results could be a primary requirement to have
more details for CNFET-based RF IC design. Stanford
CNFET model [15]-[18] provides a precise explanation of the
electrical behavior of the intrinsic and additional doped CNTs.
It has strong physical aspects such as transcapacitance
network for intrinsic and doped CNTs, carrier scattering,
parasitic capacitance, and screen effect. Apart from the
mentioned features, it has a high accuracy with respect to the
experimental results obtained from the fabricated CNFETSs
[18]. As well, it is notable that in the Stanford CNFET model,
the transistor is considered as a short channel device with the
channel length in the range of 10-100 nm in which the
transport is quasi-ballistic. Additionally, a qualitative noise
analysis is performed in [19] on short channel CNFETSs based
on the Stanford CNFET model.

As it is mentioned earlier, CNFET devices can be utilized in
RF applications like low noise amplifiers (LNA), which are
one of the essential blocks in receiver architectures. Moreover,
the trend towards broadband LNAs in modern and future
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communication systems is due to covering multi-band
frequencies, simultaneously, and reducing the total power by
eliminating the extra components. Nevertheless, the design of
broadband LNAs has conflicts in several aspects. One
challenge is to achieve a low noise figure (NF) less than 3dB
as well as maintaining impedance matching over several
gigahertz bandwidth. Utilizing the CNFET technology in
conjunction with RF circuit techniques makes it possible to
meet suitable circumstances for designing broadband CNFET-
based LNAs. In order that, a theoretical background like prior
technologies is needed. I-V equation at this background aids
designers to acquire predictable consideration about CNFET’s
behavior. This work aims to extract a closed-form I-V
equation for short channel CNFETs through which the design
of RF circuits like broadband CNFET-based LNA would be
easier.

This paper is organized as follows. In section II, a closed-
form I-V equation is extracted for short channel CNFETSs in
the saturation region based on the Stanford model and ballistic
relation of one channel CNFET. After that and in section III, a
quantitative noise analysis is performed at the circuit level for
a short channel CNFET based on the Stanford model. The
theoretical design of a CNFET-based broadband LNA is
discussed, and then, its performance is compared to the
CMOS-based LNA in sections IV and V, respectively. It is
then followed by conclusion in section VI.

II. CLOSED-FORM I-V EQUATION OF THE UNCORRELATED
CHANNEL CNFET IN THE SATURATION REGION

A. Basis of CNFETs

A 3D view of CNFET is illustrated in Fig. 1 (a) in which its
channels are formed by intrinsic semiconductors of carbon
nanotubes. The geometric parameters D, W, N, and S indicate
the diameter of the CNT, the transistor gate width, number of
channels, and distance between centers of two adjacent CNTs,
respectively. The relevance between these parameters is given
by (1) [12]. Moreover, the parameter D has an inverse relation
with the threshold voltage of CNTs, Vy, which is considered
as half of the band gap energy, Eg, and expressed as (2) [20].

W=(N-1)S+D (1)
E, 042
=2 D)) @

where ¢ is the electron charge. If the chirality vector is
assumed as Cj, = (n1, nz), the parameter D can be expressed as
below [20]:

Dzlchl/”:(ac/”) n]2+n|n2+n22 (3)
where a. is the graphene lattice constant.

Fig. 1 (b) shows the cross-sectional view of the CNFET.
The surface potential of the intrinsic channel, ¢s, is obtained
by voltage dividing between the quantum capacitance per
channel per unit length, Cg, given by (4), and the gate-channel

electrostatic oxide capacitance per channel per unit length, Cox,
as (5) [20].
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Fig. 1. CNFET: (a) 3D view, (b) cross-sectional view, and (c) front view of
intrinsic CNTs.
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in which ¢, vr, and Vgs are the dividing factor, Fermi velocity
of the CNT carriers, and its gate-source voltage, respectively.
As a matter of fact, due to the position of the intrinsic CNTs,
the oxide capacitors, i.e. gate-channel capacitors, are separated
to middle, Coyn and edge, Coxe, capacitors, as shown in the
Fig. 1 (c) [16], [18]. The relation between these two oxide
capacitors can be expressed as below:

Cox,m = Cox,e (1 - 77(:) (6)
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where Ay, kox, ksup, and r are the distance between the center of
CNTs to the gate of the device, the gate oxide dielectric
coefficient, the substrate dielectric coefficient, and the radius
of the CNTs, respectively. The factor #. shows the
electrostatic effect of the adjacent channels on the middle
channel which makes its capacitor to be different from the
edge capacitor. However, in accordance with [16] and by
assuming S greater than 20 nm, #. is negligible. Therefore, the
value of oxide capacitor per channel per unit length can be
written as (8), in which g is vacuum permittivity.
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ox ox,m ox,e COSh_l (ZhaX/D) (8)

From electromagnetic point of view, the current of channels
may be influenced by the adjacent channels because of the
magnetic coupling between the near channels. It is feasible to
specify these influences by calculating the magnetic field from
nearest channel on target one, B, via the magnetic law, as (9).

/’lOIr:L(
B=— flce 9
27S\S*+ 1} ©)

where uo and L. are the permeability and half-length of each
CNT, respectively. For a typical CNT, I. is the DC drain-
source current of each channel in the range of micro ampere, L.
and S are in the range of nanometer, giving the acquired B in
the range of 10 T. Such a small magnetic field cannot influ-
ence the current of the target channel [21].

In the light of the electrostatic and electromagnetic effects,
generally, CNFET channels can be classified as correlated and
uncorrelated channels. Namely, the current of the uncorrelated
channel is not influenced by the adjacent channels currents.
Indeed, for S greater than 20 nm all channels have similar
properties, i.e. 7. is approximately equal to zero. By contrast,
for the correlated channels, S lower than 20 nm, the current of
target channel is affected by other channels via the electrostatic
capacitances and electromagnetic fields.

B. Description of the closed-form I-V equation

As mentioned in prior sections, the Stanford model does not
provide any straightforward closed-form I-V equation for the
design of CNFET devices. For instance, in the Stanford model
level 2, by considering the charge conservation equations [17],
Ip of the short channel CNFET with the drain-source voltage of
Vps in the saturation region is expressed as below:

I = \/gaCﬂV;!Cnx (Vs —95) k,
° h b K Jk,z +k3,

L By k)PP Bk, OF | ttsisecarn [T (10)
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where Vz, 1Q, h, KT, and A, are the carbon z-7 band energy,
optical phonon-energy, Planck’s constant, thermal energy, and
optical phonon-scattering mean free path, respectively. The
energy of states E(knk;) is undeniable which is related to the
wave number circumferential direction k, and wave number
current flow direction 4;. In this case, m and / signify the mth
and /th discrete sub-band in circumferential and current flow
directions, respectively [17].

Nevertheless, to provide a closed-form I-V relation,
considering some simplifications are required. The ballistic
relation of one channel CNFET current is as follows [22]:

I,= 47"1<T[1n(1+e<‘”’f’fg/2>/”)—zn(1+e<‘f“*«-*qVDS*Eg/2>’KT)] (11)

For the saturation region, Vps >Vgs — Va, it is irrefutable
that the positive portion is dominated. Therefore, the
saturation current can be expressed as below:

3

(12)

Due to the value of K7, which is lower than (g@s-E¢/2), the
term 1 in (10) is neglected in comparison to the exponential
term. As a result, the I-V equation can be obtained by
substituting (2), (4), and (5) in (12), as follows:

_ 4_q (q99,— Eg/2)/KT
1,=~ KT[ln(1+e )J

(13)

where g is the transconductance of each CNT. Therefore, the
ideal I-V equation for the short channel CNFET with N
uncorrelated channels can be written as below:

I, zNgc(VGs _Vth/t)

c.C
I, z2"Fﬁ(VGs 7Vth/[):gC(VGS 7Vrh/[)

ox q

(14)

C. Validation of the closed-form I-V equation

Since the Stanford model is available for ballistic short
channel CNFETs, in order to validate the obtained closed-form
equation given by (14), an optimization and curve fitting
algorithm is applied on the CNFET by targeting the Stanford
model. For doing it, the estimated closed-form I-V formula
output is compared with the target system output, Stanford
model, and the generated error is used to adjust the estimated
formula coefficients.

The relation between the drain saturation current, /, and
gate-source voltage, v, of the transistor in the ballistic
transport is as follows:

(15)
in which vy is the threshold voltage of CNFET. The exponent
characteristic, p, must be between 1 and 1.5 [23]. There are
three parameters to fit, p, a, and vy The ICCAP software is
used to fit these three parameters, simultaneously. First, the
results provided by the Stanford model are imported to ICCAP
as a measurement. Then a Verilog-A model involving Eq. (15)
is implemented. ICCAP, coupled with Spectre performs
simulations on the Verilog-A model, adjusts the parameters
step by step in order to match the measurement. Fig. 2
illustrates the estimated parameter p versus N, D, and S which
are swept in practical ranges. As it is obvious, the abundance
of p reaches the maximum value where it is between 0.94 and
1. As a result, it is considered that p is approximately equal to
1. Therefore, (15) can be updated as below:

I=a(v-v,)"

I=a(v-v,)=0v+0,

(16)

where v's, and o are equal to 6; and — 8¢/ 0,, respectively.
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Fig. 2. Estimated parameter p for different N, D, and S
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Fig. 3. Structure of the utilized system identifier.

As it can be seen, Eq. (16) is linear with respect to €y and
6. Thus it can be identified by LS method. This structure is
illustrated in Fig. 3, where the estimated current and error are
denoted by I.; and e, respectively. Estimated coefficients
vector, @, containing 6y and 0, is achieved by using the LS
method as below:

0=Vv"I (17)

where V represents the input matrix. Since the CNFET
parameters are affected by geometric variations such as D, S,
and N, changing one of the geometric parameters in each case
for the input voltage from 0 to 2 V, while considering the
others fixed, and extracting the drain current, the estimated
coefficients vector is obtained via the LS method, as given in
Table I and Fig. 4. It is noted that the drain voltage of the
CNFET is tuned at the saturation region. As it is shown in Fig.
5, the estimated formula in (16) (dash line) has a good
agreement with the target obtained from the Stanford model.

According to Fig. 5 (a), increasing N causes an increase in
the drain current. If the number of channels becomes £ times
larger, the coefficient o will be increased by a factor of f,
while vy will be constant (Fig. 4 (a)). The reason can be
attributed to the parallel channels. On the other hand, for the
variations of S greater than 20 nm, the drain current will be
constant (Fig. 5 (b)). In addition, the coefficient a and v, will
be constant, too.

In order to consider the effect of diameter on the drain
current of CNFET, zigzag CNTs, i.e. CNTs with n,=0 in (3),
are considered. The increment of n; will cause to increase D
and C,, according to (3) and (8), respectively, and to decrease
Vi based on (2), corresponding to the increment of coefficient
a and reduction of vy, obtained in Figs. 4 (b) and 5 (c).

From the obtained results, it can be concluded that the
coefficient a (transconductance) is proportional to the
multiplication of the number of channels and the capacitance.
Moreover, according to the transconductance unit, it is noticed
that o is approximately equal to NCocyr and the saturated
drain current given by (16) can be updated as below:

I, = NCooy Vs (18)
in which, vcyr and C; are the carrier velocity and equivalent
capacitance per unit length of the CNTs, respectively. If it is
assumed that C, "' = C, "'+ Cox ' and v, = Vu/t, an acceptable
matching will be found between the I-V closed-form equations
given by (18) and (14) for uncorrelated short channel
CNFETs. In order to validate the accuracy of the proposed
closed-form I-V equation for CNFET in the saturation region,
it is compared with the experimental results of [24], as it is
shown in Fig. 6, in which the obtained mean-square error is in
the order of 1014 A.

~Vau) Vs Z V4

4
TABLE 1
ESTIMATED COEFFICIENT
Case No. N S (nm) Dmm) a(AV) va)
I 1 20 1.5 3.64e-5 0.38
N_variation 3 20 15 1.08e-4 038
1L 3 20 1.5 1.08e-4 0.38
S variation 3 30 1.5 1.08¢-4 0.38
1I1. 1 20 2.8 5.37¢-5 0.26
D_variation 1 20 1.5 3.64¢-5 0.38
x 1073
(@3
/m
S 2 0.5 N
> S
I, 900 & -5
= N
1 03
§$=20nm, D=1.5nm
13 9 27 81
N
x 10 5
(b) '
1]
10.6
4
~ g —~
= _— - 104 2
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0.2
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s 2 25 3
D (nm)

Fig. 4 Estimated coefficients a and v, for different, (a) N and (b) D.

III. OVERVIEW OF SHORT CHANNEL CNFET NOISE ANALYSIS

A qualitative noise analysis on a one channel CNFET based
on the Stanford CNFET model is performed in [19]. However,
one channel CNFET cannot afford the RF application
requirements like current and power demands. Hence, it is
needed that a multiple channel CNFET is considered from
noise analysis point of view to satisfy these necessities. This
section provides a noise analysis for the short channel CNFET
with N channels based on the Stanford model by taking into
account both the uncorrelated and correlated channels.

1. Uncorrelated Channels

As it is mentioned before, the CNFET channels are
uncorrelated for S greater than 20 nm. In addition, two regions
of saturation and triode are considered here.

A. Saturation Region

The saturation current in CNFETs is due to the invariance
of carrier density while it appears in MOSFETs due to the
pinch-off effect. Additionally, the short channel effect limiting
the MOSFETSs output resistance has no significant impact on
the CNFETs. The simplified equivalent circuit of the CNFET
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based on the Stanford model is shown in Fig. 7 (a), where Rs
and R, represent the channel resistors at the source and drain
regions, respectively, and r, is the output resistance of the
device which is near to 100 MQ per channel [18], [25]. It
should be noted that the contact resistor of source/drain metal
electrode described in [18] is smaller than Rs/R,. Furthermore,
since the magnetic inductance is about four times smaller than
the kinetic inductance, the magnetic inductance is ignored in
the CNFET Stanford model. As a result, the contact resistors
and magnetic inductance are not taken into account in the
equivalent circuit. According to [18], the CNFET intrinsic
channel, CNFET L1, in conjunction with the drain and source
regions, CNFET L2, forms a one channel CNFET. The
equivalent transconductance of the CNFET L2 can be
expressed as follows:

8c = & /(1+ g Rs) (19)
where g. and gi, represent the CNFET L2 and intrinsic
transconductance, respectively. It is accepted that flicker and
shot noises are the dominant noise sources in a short channel
CNFET [19]. There are three main noise sources in the
CNTFET L2 consisting of the intrinsic channel equivalent
noise (shot and flicker noises), and the doped channel
drain/source region shot noises (Fig.7 (a)). However, the
flicker noise is neglected at high frequencies because of its
inverse relation with frequency. The equations of different
noises per unit bandwidth can be expressed as below:

T (04

lj,im = Zq[D,LZF + TH(Ié,LZ/f) (20)
li,RS = quD,Ldeop @n
i:,Rd = 2q1D,L2Fd0p (22)

where Ipi2, f, an, and n are the drain current of CNFET L2,
frequency, technology-dependent constant, and number of
charge carriers in the semiconductor, respectively. Moreover,
Fap and F are doped and intrinsic channel’s Fano factor,
respectively. According to [19], ax and Fy, are approximately
equal to 10 and 0.3 by considering manufacturing results. On
the other side, although there is no experimental results for
intrinsic short channel shot noise, its theoritical model is
widely reported in the litreture [26] in which F is between 0
and 1 for the saturation current and has a reverse relation to
Ip 2. By considering the high output impedance, the noise of
Rs has no significant effect on the CNFET L2 equivalent
current noise, iycn, shown in Fig. 7 (b). As a result, it can be
expressed as below:

2 .2 -2
by = Gl g + Gl

i (23)
where G, and G, are the transfer gains which are equal to
(ginRs/(1+ginRs))* and (1/(1+giuRs))?, respectively.

The total current of the CNFET with N channels consists of
the edge channels current, /p 2., and middle channels current,
Ip12m. Therefore, the equivalent noise includes two parts: edge
channels noise, i,cie, and middle channels noise, iy cnm,
obtained by substituting edge Fano factor, F., edge intrinsic
transconductance, gine, and Ipr2. as well as middle Fano
factor, F,, middle intrinsic transconductance, ginsm, and Ip 12.m

5

Vps =2V
N=81

x 10~

0 0.4 0.8 1.2 1.6 2

Fig. 5 Comparison between the estimated and Stanford model drain currents
versus gate-source voltage of the CNFET for different (a) N (S=20 nm, D=1.5
nm), (b) § (D=1.5 nm, N=3), (c) D (5=20 nm, N=1).

10~ 52 -
Measured [24]
&~ This work

« Saturation __,

region
-6.4
10 VDS =0.5V
0 0.1 0.2 0.3 0.4

Ves(V)

Fig. 6 Comparison between this work model and measurement results
obtained from [24] (D=1.6 nm, N=1).

in Egs. (20)-(23), respectively. As a result, total noise of the
CNFET with N channels, i, (Fig. 7 (¢)), is equal to:

2 =2 4 (N-2)i

n,tot n,cht,e n,cht,m (24)
However, for uncorrelated channels, i, cnm and iy cne will
be equal [10]. Therefore, total noise of the CNFET with N

uncorrelated channels, i, /0;un, can be expressed as below:
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Fig. 7 (a) CNFET Small signal equivalent circuit and its internal noise current
sources in the saturation region, (b) Equivalent compact noise source model
considering the noise of CNFET L2, (C) CNFET total noise sources with N
channels.

i =Ni?

n Jtot un n,cht

(25)
Substituting /Ip,1>=Ip/N, where Ip is the current given by the
closed-form I-V equation extracted in section II, and taking

into account ¢g=KT/Vr (Vr is the thermal voltage), at high
frequencies, (25) can be rewritten as below:

n fot un _4KTg NH (26)

in which g. is equal to Cocnr obtained from (14) and (18). In
addition, the coefficient H,, is defined as below:

- R 1
H = Vs =V Sl vp 2 p
m ( ) (1+g R ) dop (1+g R )

mt™ s int™ s

27

It is clear that H,, has a reverse relation to temperature, and
hence, (26) is independent of temperature.

B. Triode Region

In the triode region, the intrinsic channel drain current has a
linear behavior versus drain-source voltage. As a result, the
intrinsic channel resistance Ry will be decreased with respect
to 7,. The CNFET small signal model based on the Stanford
model in the triode region is shown in Fig. 8 [18]. The
equivalent current noise can be calculated as below:

i:,cht =[ . Zij,RY +[ S ]Zi:,im
R, +R, +R, R, +R, +R, (28)
Rd 2.2
H———""—T s,
R,+R,+R,

In addition, the total noise equation for N uncorrelated
channels is as follows:

+R 2P

22
R7i ds nlm

s n,R;

N
e (Rd + Rds + Rv)

+R i )

d an

(29)

6

Stanford Model

CNTFET_L2
Rs Rys Rq
Source o199 too{ 19r° Drain
AR /AR AR
2 2 2
ln,Rs "n,int ln.Rd

Fig. 8 CNFET Small-signal equivalent circuit and the internal noise current
sources of the CNFET L2 in the triode region.

If it is assumed that R, is the total resistance of N
uncorrelated channels of CNFET and by considering R, 12, the
CNFET L2 equivalent resistance, equal to Rs+RustRa (=NRy),
Ip,1> equal to Ip/N (=Vps/Rn), and g=KT/Vr, and neglecting the
flicker noise at high frequencies, (29) can be simplified as
(30), in which, J,, is defined as (31).

1

=4KT—J 30
n [(7’ Sun Rm ( )
J T [R °F, +R,F+R]F ] (31)
m doj doj
@2, )Rm 12 ? ”

For a similar reason, (30) has no temperature dependency
due to the inverse relation between J,, and temperature.

2. Correlated Channels

The noise theoretical overview can be perused for
correlated channels which their currents are influenced by
neighboring channels current (#.#0). In this circumstances, by
taking (6), (7), and (10) into account, the relation among /p2m
and Ip 1. can be expressed as below:

1 :[D,LZ,e(l_nc)

Because of this difference between the edge and middle
channels current, , G| and G, will change, too. With regards
to (24) and by considering Gi., G2 and Gy, G2 as the
transfer gains of edge and middle channels, respectively, and
0=Fy-F., AG1=G1 -G ., and AG,=G2,,-G2,., total noise of the
CNFET with N correlated channels, i, c, is achieved as (33).

(32)

D,L2,m

_Nlnchte+(N 2)’75 n,cht,e

nth

+2q1, 1, (N =2)[(1-7,)6G, , + F,, AG, + FAG, + 0AG, |

dop

(33)

As it is clear in (33), the correlated term of iy c
corresponds to #., 4G1, 4G, and o. Hence, it is expected that
(33) will become equal to (25) under uncorrelated situation
when these factors proceed to zero.

IV. BROADBAND CNFET-BASED LNA DESIGN

LNA architectures are generally categorized to common-
gate and common-source structures. The common-gate (CG)
architecture demonstrates superior isolation and stability
thanks to the lack of Miller effect of gate-drain capacitance,
Cg. In addition, due to its constant wideband input impe-
dance, it can be considered as a good candidate for wide-band
impedance matching, without using additional components,
while preserving area consumption and avoiding from more
resistance losses of on-chip inductors [27]. Beside the proper
characteristics mentioned regarding the common-gate
architecture, its noise performance is limited by the input
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matching condition due to fixing the device transconductance
by the antenna output resistance. Therefore, noise reduction
techniques are necessitated to be applied in order to improve
the noise performance of CG LNAs for utilizing their wide
bandwidth features [28]. There are some techniques to
enhance the noise performance of the broadband LNAs (e.g.,
feedback and feedforward). The circuit noise is greatly
dependent on the transconductance ratio of transistors (i.e.,
mismatch) in the feedforward techniques while this limitation
is not significant in the feedback ones [29]. As a result, the
negative feedback structure is used here to design the
proposed broadband CNFET-based LNA.

The proposed broadband CNFET-based CG LNA topology
is depicted in Fig. 9. It consists of two negative feedbacks
which are applied by M- and M3, while the signal is transferred
towards the output by the common-gate transistor M;. The
common-source transistor M> boosts the transconductance of
M. Ry sets the extra path to the power supply to compensate
the difference in the transconductance of M, and Mj. Since,
the total capacitance of the input device in the CNFET
technology is very low over the bandwidth there is no need to
any inductor over the large bandwidth such as 3 to 38 GHz. As
a result, the resistor R, is used here as the input terminal
resistor instead of the conventional spiral inductors resulting
in a broadband CNFET-based inductor-less CG LNA with
reduced area. It is noticed that by carefully design of R,, it is
possible to reduce its noise effect. Moreover, transistor Ma,
biased in triode region with equivalent resistance of R,
provides an active load at the output terminal that used instead
of conventional resistors to decrease the total noise. Finally,
transistor Ms buffers the output signal to provide a matching
condition.

A. Input Impedance Matching

The in-band LNA impedance can be yield as (34):

l+g,R(10+g,.R) I L
gm+8,3R, +8.,.8)  SC,
in which, C;, is due to the parasite capacitors at the input
which is very low. g,; denotes the total transconductance of
transistor M; which is equal to Ng. for N uncorrelated
channels. By assuming g,3Rp (I + gniRr) and g,3 smaller than
one and g2, respectively, and considering R, at least 10 times
than Rsource (source resistance), (34) can be simplified as:

1

- gu(l+g,,R,)

Z, =R

in P ||

(34)

(35)

in

The input impedance Z; should be equal to Rspurce for
establishing the matching condition.

B. Gain and Bandwidth

As it is shown in Fig. 9, in terms of input impedance
matching, the voltage gain from Vs to V5, can be calculated as
follows:

4 = gl 8t &ntl/R,

y ) (36)
2 g.8nsR +g.stl/R,

7

VDD

Cy
Vin
RSaurce
Vs

32 2
Rsource Rp tn,Rp % ln,Rsource

Fig. 10 Equivalent circuit with the noise sources.

According to the primary assumptions, (36) can be
simplified as below:

1 R
A4, = EgmlRL (1+g,.R,)= 2RS:urce
Moreover, the bandwidth is equal to 1/(R;Cp) in which Cp is
the parasite capacitance at the drain of M. We expect a high

bandwidth due to the quantum capacitors of the CNFET [17].

(37

C. Noise Analysis

The circuit noise sources consist of the CNFETs channel
noise and the thermal noise of resistors. To calculate the noise
figure, the ratio of the total noise due to all noise sources and
the noise due to the source resistance is needed.

The voltage gain V} /V;, is calculated as below:

v, 8t &8ss

Tk ——o R
Vin I/Rb +gm3(1+gm1RL) g’”z ’

(38)

Fig. 10 shows the equivalent circuit with its noise sources
where the voltage gain 4 equals g,,2R, and the noises of M,
M, M3, and Ry are defined as an accumulated noise source V,x
at node k. In addition, the voltage gain V, ou/Var can be
calculated as follows:

Vn,ou[ — _gmlRL
I/n,/c gmlR (1 + A) + 1

Due to the matching condition, Rsource=(gm1(1+4))", (39) is
simplified as below:

(39)

source
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(40)

The power spectral density of the noise components at the
output of the first stage, the drain of M;, within LNA’s
bandwidth can be obtained as follows:

2

_ (i:,tot,un |M1 ) (‘g.mlRL)2
2

= ety (B (41)
V= G s R B “2)
ot 3= ot s R,,Z)W 43)
Vo = (4K, Bt (44)
Vi ln, = 4KTJ R, (43)

The thermal current noises of R, and Rourc. are transferred
to the output with the same power gain as follows:

7 kT R
n,out |RP - ( R_) 4 (46)
14
1 R’
I/nz,(mz |Rw,,u, = (4KT )_L (47)
Therefore, the noise figure is obtained as below:
NF — 1 + Vnz,uuf |M1 +Vn2,out |M2 +Vn2,uut M3
Vnz,nut |R‘.m,m,
+ Vnz,ouf |R,, +Vn2,out |RL +Vn2,out |Rp
nz,ouf |mew (48)
— Hml AszZ + AszS(ng / ng)

(+4) goR . (+47  g.R, . (1+A4)

source source

R, L AR R

source 4 __source

+
R (1+A) R, R

source

P

The circuit has been designed in a way that 4 or g.Rp are
much higher than one, thus the noise effects of M1, M>, M;,
and R, on the noise figure would be insignificant. Moreover,
the coefficients Hy1, Hu2, Hns, and J,4 are less than one, and
hence, they can reduce the noise figure. All in all, the most
important noise sources are R, and R; which should be
designed, accurately.

According to (20), there is a dependency among the
intrinsic shot noise and F. On the other hand, NF is influenced
by F. To determine this influence, the ratio of changes in NF
(ANF) to the variations of F (4F) due to the circuit
components M, M, Mz, and M, are expressed as (49):

ANF Vo=V
‘Ml — GS1 Vthl > (493)
AF 20+ A1+ g RV

ANF L, = AZ(VGsz - Vlthz)
AF = ZVTngRsource(l + A)2(1 + gint2R52)2

(49b)

1536-125X (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

8
ANF A (83 ! €1)Vss = Vi) 49
s, = 2 > (49¢)
AF ZVTngRmurce (l + A) (1 + gimSRx3)
2
ANF |M — 4VDS4Rds4 Rwurcze (49d)
AF ) 2VTRL(Rm4,L2)

It is mentioned that, ANF is impressed a bit by 4F in accord
with the primary design assumptions expressed in this section.

V. RESULTS

The broadband CNFET-based LNA is designed and
characterized in HSPICE based on the 32 nm Stanford model
[15] and 1 V power supply. Although the Stanford model is
validated by experimental results [18], it has not any noise
sources. As a result, its compact noise model presented in [19]
is extended here for N channels CNFET and is taken into
account via Veriloge-A for design of the LNA.

It is noted that, taking technological process into account
for design parameters of CNFET devices is needed as practical
aspects. Namely, although the CNT diameter variations and
mispositioning of CNTs are considered as types of
manufacturing process faults, the mechanism which is taken in
[30] provides aligned arrays of CNTs perfectly while the
diameters range from 0.5 to 3 nm within 10% standard
deviations. In addition, although the diameter variations make
unwanted metallic CNTs, they can be removed by
thermocapillary resist as a promising approach [31].
Moreover, a majority of issues related to the fabrication
process of CNFET has been solved and fabricated CNFETSs
are scaled down with minimum S equal to 4 nm [32]. On the
other hand, increasing the CNTs density in the form of high
performance CNFETs for the future electronics looks
promising. For instance, the CNTs density is enlarged up to
45-55 CNTs/um [33]. Due to these facts, it is significant to
study the capability of systems designed in forthcoming
technology. In this regard, the values of D, S, and CNTs
density are set to 3 nm, 20 nm, and 51 CNTs/um, respectively.
The maximum transconductance per channel is reached by
maximizing the practical diameter; hence, D is set to 3 nm. On
the other hand, in order to have uncorrelated channels, S is set
to 20 nm. As a result, the major design factor is the parameter
N. In the design, we select the gate-source bias voltage; then
the desired total current and transconductance can be obtained
by selecting the proper N based on the acquired closed-form I-
V equation. In this regard, the ratio of g,2/gu3 is almost equal
to No/N3 in which N, and Ns are the number of channels of the
transistors M and M3, respectively. It is noted that N, is set to
be considerably much greater than Nj. Alternatively, we set
2m3R»=0.01 which is stemmed from R;=40Q and N3=6. These
terms lead us to reach our primary assumptions, i.e. gm3Rp (1+
gmRr) << 1 and gum3 << gm. The design parameters and
Stanford model technology configuration are listed in Tables
IT and I1I, respectively.

Fig. 11 illustrates ANF/AF due to each component of the
LNA. As it can be seen, small variation of F' will not cause
significant variation in ANF. For example, the variation of 0.1
for F' will cause the maximum changes about 0.3 for ANF/AF.
Thus, the ANF will be equal to 0.03 which cannot have a
significant influence on the total NF.
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TABLE II
DESIGN PARAMETERS OF THE BROADBAND CNFET-BASED LNA
CNFET Dimensions Bias Sources Operation Points (mA) c
ap- Res.
S D Voltage Current . . . F
N Simulation ~ Analytical (®F) Q
(m) @m) (V) (mA) " «
Ml 100 20 3 Vi=0.35 1,=2 Ip=0216 [p=0218 C,=5 Rp=500
M2 3100 20 3 Vi=0.3 Ip=144 Ip=14.5 C,=5 R,=900
M3 6 20 3 Vis=0.8 Ip=0.038 I»=0036 C=5 R~40
M4 23 20 3 Viu=0.3 Cy=5
M5 450 20 3 Cs=5
0.4 TABLE III
F = TECHNOLOGY CONFIGURATION OF THE STANFORD MODEL
03t M / 1 Parameters Value
1
5 r ,__,’-_,__-/'!'/' — Chirality Vector (38,0)
=~ 02l i Power Supply 1V
i | M, Gate Length 32 nm
M Dielectric Constant 16
01p -o—8—8 z 4 Doped Source Side Length 32 nm
i M 1 Doped Drain Side Length 32 nm
o eee—o—o " 3 —a Gate Dielectric Thickness 4 nm
3 10 20 30 38 Intrinsic CNT Mean Free Path 200 nm
Frequency (GHz) Doped CNT Mean Free Path 12.5 nm
. . CNT Work Function 45eV
Fig. 11 The ratio of ANF to AF affected by each component of the LNA. Source/Drain Metal Contact Work Function 4.6eV
(@ 2 ‘ T T T T T T
Simulation (@) -10
~ L | | | C ..... — T T S11 S
g | C, Analyticgl | . 22
g 3 -40
Q
0 £ 70
(b) 16 ’ T T T T T T §_ 312
S 4 —\ -1003 10 20 30 38
% Frequency (GHz)
8 L i
+1.0
12 L - - - ‘ ‘ ‘ — T
3 10 20 30 38 (b) +05 \ 4§20
Frequency (GHz) ya \ o \\\
Fig. 12 Characterizations of the broadband CNFET-based LNA: (a) NF, and
(b) Gain. +j0.2 5.0
4
r 00 | ; oo
4 | |
3t i4
2 |
Pt 0.2 5.0
= weesnee 3 GHz /
2r ——1175GHz | ] - /
—9—20.5GHz \
. —0— 29.25 GHz N
—0— 38 GHz 2.0
1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 1.0

1Z5/Z,
Fig. 13 Noise figure of the proposed LNA versus |Z,/Z).

The noise figure and gain of the LNA are shown in Fig. 12.
Over the bandwidth (3 to 38 GHz); the noise figure is less than
1.5 dB and the gain equals 14.7 dB and drops just 1 dB over
the entire bandwidth. In addition, there is an acceptable match
between the analytical and simulation results. Fig. 13 shows
the noise figure versus |Z/Zy| in which Z; is the source
impedance and 7, is equal to 50 Q. As it is obvious, the optim-
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Fig. 14 Scattering parameters of the proposed broadband CNFET-based LNA:
(a) S11, S22, and Sy, and (b) Smith chart.

um noise figure, NF,un, is acquired around the source
impedance of 50 Q, approximately.

S11 and S are metrics of impedance matching with 50 Q
resistor at the input and output of the LNA, respectively. To
make impedance matching at the output, a buffer is used
which has insignificant effect on the gain while establishing a
better matching. As it is illustrated in Fig. 14 (a), the paramet-
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TABLE IV

PERFORMANCE OF THE BROADBAND CNFET-BASED LNA
IN COMPARISON WITH OTHER WORKS

Ref. [28] [29] [34] This work
Technol 180 nm 180 nm 450 nm 32 nm
008y CMOS CMOS CNFET CNFET
Data Sim. Exp. Exp. Sim.
Power
1.8 1.8 2.5 1
supply(V)
Pgiss(mW) 153 12.6 N.A. 16
I1P3(dBm) -1.85 -0.7 -6 1.7
BW(GHz) 3-6 1.05-3.05 1-1.2 3-38
NF(dB) 3.5-3.6 2.6-3.1 8 0.4-13
S21(dB) 20.14-21 16.9 11 13.7-14.7
S11(dB) <-11 <-10 <-10 <-10
S22(dB) <-9 N.A. <-18 <-15
Number of 6 4 5 0
inductors
Total inductor | 18.75 nH N.A. N.A. 0
@) B
20 i E
jo e e ’7 ]
20 /w*" s o /
~ 20 e e I1IP 3 = 1.7dBm
o |
o) v sl
5 -60 e
S >
a B
7 —%— IM3 ; g,
-100 —4— Fund ¢656n2 |]
(b) 30 -
- i)
]
2 -10 _ e [ p = 19dBm
o
S
3 -30F
&
-50 - —m— IM2 15560, [
——Fund 66561z [
-40 -30 —2|0 ‘ -1‘0 ‘ 0
P (dBm)

Fig. 15 Linearity characteristic of the broadband CNFET-based LNA: (a) I/Ps,
and (b) /IP,.

er at the entire frequency range, and hence, the system can be
assumed as a unilateral device. As a result, the stability
creteria can be obtained by checking |S1i| and |Sxf. It is
acceptable that in this circumstances, when |S1i| and |Sx]
become less than 1, the system is likely unconditionally stable.
Additionally, for taking the phase behaviour into account, Si;
and S» are displayed on the Smith chart (Fig. 14 (b)). These
graphs are approximately located around the center of Smith
chart where the reflection coefficient is zero.

The linearity parameters //P; and IIP, of the proposed
CNFET-based LNA are shown in Fig. 15. For this purpose,
two frequencies of 6 GHz and 6.5 GHz are applied as the input
signals of the LNA. As it can be seen, /[P; and I[P, of 1.7
dBm and 1.9 dBm have been reached.

In overall, Table IV lists the performance of the broadband
CNFET-based LNA compared with recently published LNAs.
The proposed circuit benefits from low NF, very high
frequency range, and high linearity with moderate power
consumption, while no passive spiral inductor has been

10

utilized in its structure.

VI. CONCLUSION

This paper has presented the extraction of a closed-form I-V
equation for short channel CNFETSs in the saturation region
based on the Stanford model and ballistic relation of one
channel CNFET. After simplifying the ballistic relation to a
closed-form I-V equation, the coefficients have been estimated
by ICCAP and LS method. Furthermore, an extended
quantitative noise analysis has been performed at the circuit
level and the noise sources implemented in Verilog-A are
added to the Stanford model. Afterward, a CNFET-based
inductor-less broadband CG LNA is designed theoretically
based upon the extracted I-V equation and its results
confirmed in HSPICE based on the Stanford CNFET model
indicate a proper matchnig between analysis and simulation.
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