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When it comes to the radio frequency (RF) frontend, power amplifier (PA) is one of the
most important functional blocks for dependable wireless transmission. In order to
provide the necessary output power, PAs boost and amplify the incoming signal, to
ensure that the transmitter's signal reaches the receiver at the necessary distance. The
PAs have not yet managed to find place within the transceiver circuit due to its bulky
nature. Although rigorous efforts have been made to improve the linearity and
efficiency of the PAs, it has come at the cost of increase in chip area. This paper focusses
on design of an RFPA in an 18nm FinFET advanced node technology that is adaptable
to the Sub-6 GHz frequency band of 5G communication standard so as to provide
maximum output power at the operating frequency of 3.5GHz. The single stage PA,
thus designed and simulated on Cadence Virtuoso provides a gain of 27.71 dB at a
supply voltage of 1V. The bandwidth is 208 MHz, power gain is 25dB and the output
power is 6.335 dBm. The simple design with a single transistor paves way for a
considerable decrease in the chip area, thus making it possible to be placed within the

transceiver chip.

1. INTRODUCTION

Since the first contemporary mobile phone systems were
introduced, the wireless market has grown and developed
remarkably, with a consistent rise in the number of subscribers,
new application areas, and higher data rates. The effective
high-level integration of electronic circuits in low-cost
technologies is largely responsible for these achievements.
Current trends in mobile communication system demands
adaptability with the 5G and future communication systems
while ensuring that the system parameters like the efficiency,
output power, gain, bandwidth and operating frequency are
within the standard limits and at the same time not
compromising on the size of the frontend device. Mobile
communication has been in a process of continuous evolution
from decades and in its transformation from 4G to 5G various
parameters has an impact on it and hence there is a need to
adapt itself for the purpose of acceptability. One such block of
the mobile communication system is the transceiver circuit in
which the power amplifier plays a major role as it determines
the efficiency of the transceiver. With evolution of future
generation communication system, it has become necessary to
design specification compatible circuits to work at low power.
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With inclusion of additional features and growing competition
between mobile phone companies to gain market it has
become necessary to enhance the technical performance of
their products in terms of adaptability to the future generation
communication system with wide bandwidths and high
frequency bands of operation. Miniaturization is also a major
aspect with a focus on improvement in the performance
parameters. Technologies like FinFET, CNTFET, etc. are
being proposed and continuous research is being carried out in
this area to overcome the Moore’s theory. This paper aims at
evaluating the performance parameters of analogue radio
frequency (RF) power amplifier (PA) circuit designed using
18nm FinFET technology for mobile communication systems.
Power Amplifier, the final stage of a transceiver circuit draws
maximum power from the DC source thus reducing the
efficiency of the entire circuit. With the advent of 5G,
involving the sub-6GHz and mmW frequency ranges with
bandwidth requirements around 200MHz, it has become a
necessity to design low power high speed analog circuits using
advanced technology [1]. PAs have to deal with high data rate
signals due to which complex modulation techniques like
Orthogonal Frequency Division Multiplexing (OFDM) has to
be used, thus increasing the peak to average power ratio
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(PAPR). So reduced size and high PAPR pose constraints on
improving the efficiency of the PA [2].

Another very important aspect is the miniaturization of the
transmitter in RF communication, especially with the advent
of 4G, due to which additional circuits supporting multimode
multiband (MMMB) operation has been integrated. For 5G
handsets, the RF front-ends pose three major constraints unlike
the base station namely, limited circuit area, wideband
operation and limited supply voltage [3]. To operate the PA at
sub-6 GHz frequency for mobile communication low power
CMOS techniques have been used with an intent of
miniaturization. However, since the output power requirement
is high, low node technologies pose constraints with respect to
the permissible supply voltage, thus reducing the output power
considerably. Over decades PA designs have been seen
resorting to using efficiency enhancement methods to improve
the drain efficiency and power added efficiency (PAE) while
maintaining the linearity in circuit performance. Maintaining
the efficiency while ensuring linearity in performance is a
major challenge which has been a constraint while designing
RF PAs. To overcome this designed various circuits to
improve the efficiency and hence the PAE while maintaining
the linearity [4-7], over a few decades CMOS technology has
been used and there has been a revolution by scaling down
from sub-micron to deep sub-micron (320nm to 45nm) for
achieving low cost and high performance. However, scaling
down CMOS gives rise to short channel effects and bulk
CMOS gives rise to off-state leakage current [8]. Although
CMOS transistors contribute to increased speed, it comes at
the cost of degradation of transistors and in analog and RF
circuits the decrease in intrinsic gain of the transistor adversely
effects the performance [9]. Inspired by Hassanzadeh and
Hadidi [10] for design of operational transconductance
amplifier (OTA) and Singh et al. [11, 12] for power amplifier
using FinFET, in this work we aim to improve the efficiency
of the RFPA using conventional circuit with FInFET to operate
in the sub-6 GHz frequency for 5SG mobile communication.

The significance of this work lies in the design of an RF PA
in an 18nm FinFET PDK available with Cadence Virtuoso,
operating with Vpp = 1 V. The reduction in supply voltage in
comparison with the 3.3V requirement in CMOS technology,
consequently reduces the power consumption. FInFETS have
been extensively used for digital circuits and a few analog
circuits. However, the work on design of RF PA is limited. The
small size of FinFET will also reduce the die area required to
fabricate the PA. The rest of the article is organised as follows.
Section 2 describes the structure of FInFET Device and the
drain current relationship with the various parameters of the
physical structure of the FinFET. Section 3 provides a brief
insight of the PA and the performance parameters associated
with it. Sub section briefs about the small signal model and the
extraction of the extrinsic and intrinsic elements which
determine the performance of the PA at RF range of frequency.
RF PA circuit design is covered in the subsequent subsection.
Section 4 presents the results obtained by simulating the
designed PA emphasising on the maximum gain at the
operating frequency, the S parameters, bandwidth and output
power. Section 5 summarises the outcome of the design and
the possible recommendations to improve the performance
parameters.

2. FINFET DEVICES

Unlike planar CMOS circuits, FInFETS are non-planar
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structures constructed on a silicon on insulator (SOI). Because
of short channel effects and leakage when the gate length
exceeds 22 nm, CMOS introduces noise and other unfavorable
aspects. This results in a swing in the threshold voltage as well.
A multigate device is used to replace this in order to precisely
control the current flowing over the channel. A CMOS has a
gate on only one side, whereas a FINFET, as depicted in
Figure 1, has gates on three sides. These FETs are hence
known as multigate FinFETs [13].

Thickness (Tgy,)

e ls] gvDs
Length (L) I Height (Hfjp)
S «——— Gate Oxide
Ips Trench Oxide
Substrate p~

Figure 1. FinFET structure

The structure that resembles a fin and grows above the
substrate is called a FinFET. They function far more
efficiently than a conventional planar transistor for the same
area because the "Fin" boosts the gate's control over current.
Because the gate is long enough to govern the channel, it
encircles the "Fin" and provides it additional authority over it.
By reducing leakage current levels and improving electrostatic
control over the channel area, this gate structure also helps to
solve short-channel effect issues. Around a thin ridge of
silicon of the order of 100nm in height a FinFET is built.
Along this fin the carriers flow from source to drain. Since the
gate eclectrode completely covers the underlying silicon
nanowire, the electrostatic control of the gate voltage, Vgs
over the drain to source current, Ipsis maximum. This further
reduces the encroachment of the source to drain depletion
region, thus reducing the SCEs [14].

The product of the fin height (Hj,) and fin thickness (77n)
yields the effective width of the transistor W Tjn is kept as
narrow as possible to minimize the SCEs, resulting in an
effective width that is almost equal to 2Hg;,. The portion of
the fin which does not lie under the gate region is called the
extension region and is considered to be a very important area
as there is less possibility of the vertical side doping gradient
to start from the highly doped source to drain region and finish
at the lightly doped channel region [15].

Werr = 2Hpin + Trin [15] (1)

Technology limitations pose constraints on changing the
transistor height, thus the only possibility to increase the
current is by increasing the number of fins. Hence if there are
‘n’ fins then, the effective width of the transistor is:

Weff = Tl.ZHf,:n + n.Tﬁn [15] (2)



Etching away the top gate side area of the transistor shown
in Figure 1 results in two gates hence called Double gate
transistor. Depending on how biasing is applied to the gates, a
FinFET can operate in either an independent or symmetric
driven mode. Due to their thin fin structure, the two gates in a
double gate structure that receive biasing from one another
also have an electrostatic influence on one another. The
creation of a channel on the opposite side by the front gate may
have an impact on the back gate's turn-on characteristics. The
front gate bias voltage, Vi, is influenced by the rear gate bias
voltage, V, and vice versa. The relationship is depicted by Eq.

A3).
Vthnf = Vthn —T* ng [15] (3)

where, the gate-to-gate coupling coefficient, 7 is given in Eq.

(4):

3x Taxf
3xToxpt+ Tsi

r= [15] “4)

where T; indicates the silicon thickness and 7o and 7o,
respectively, represent the oxide thickness of the front and rear
gates. In low power mode, the back gate experiences a
negative bias, raising the front gate's threshold voltage and
lowering the transistor's leakage current as a result. Eq. (5)
represents the subthreshold current of the FinFET:

VGs—Vinn—0473Vgp
Ids =(x T * e B

a*Vps

*(1— e(T)) [15] 5)
where 0.473 is derived by replacing the standard values of Ty,
Towr and Ty, in Eq. (4), a, p are the coefficient, k£ is the
Boltzmann constant and 7 is the temperature. If the back gate
is grounded then the current is only dependent on the gate to
source voltage and the threshold voltage. For future VLSI
technologies, involving both analog RF applications and
digital circuits like non-volatile memories, FInFET has been
considered and investigation is in progress in terms of its
System-on-chip (SoC) possibilities. The most difficult
challenge with RF power amplifiers is requiring high output
power while keeping linearity and efficiency. It has also not
been feasible to integrate the power amplifier into the
transceiver circuit because of the large size of the inductors
and the practicality of employing CMOS transistors with low
scaling. The FinFET delivers greater SS and stronger drive
strength for moderate gate voltages (0.2-0.4V) while
maintaining the same Iorr (i.e. leakage) characteristics as a
planar device. For low-voltage analog designs, this leads to
better transconductance (gm) and improved switching speed
for digital systems. This is helpful for low-frequency analog
and digital designs, but it doesn't reveal anything about a
FinFET process's mmWave and Sub-6 GHz frequency
capabilities. The challenge in this work is to optimize the
FinFET in order to obtain maximum drain current and thus the
output power at 3.5 GHz frequency. The device's performance
and local interconnect dependability are impacted by the
temperature rise brought on by self-heating effects. Therefore,
there must be a trade-off between reliability and performance
when limiting the power across a device, either by running at
lower current densities or supply voltages. Thankfully, this
tradeoff is not as severe because the FinFET can continue to
operate dynamically at lower supply voltages.
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3. DESIGN CONCEPTS OF POWER AMPLIFIER

The last block in the transciever circuit is the power
amplifier which is the most power consuming component,
resulting in low efficiency. It has been a challenge to integrate
all the blocks of the transciever on a single chip, due to the
constraints on using same semiconductor material. PA's are
normally designed using III-V compound semiconductors,
irrespective of the high cost due to its capacity to deliver high
linear output power with respect to silicon, while all the other
blocks are designed in CMOS thus resulting in dual chip
implementation [16]. In view of improving the gain, speed,
efficiency and the PAE while reducing the area requirement
and noise, downscaling of CMOS in the nanoscale range has
been experimented over decades [17]. A large database of
analog RF PA circuits is available which has been designed
using various topologies in Class A, Class B, Class C, Class
AB in linear mode and Class D, Class E, Class F etc. in the
non linear mode. Power enhancement techniques like Doherty,
Envelope Elimination and Restoration (EER) and Envelope
Tracking (ET) are the most popularly used methods to improve
the efficiency of the PA. There has also been a constant
demand to integrate as many circuits into a single chip as
possible for designing compact devices. Although a challenge,
PA circuits have been designed in CMOS Technology using
various topologies and enhancement methods as suggested by
Bameri et al. [18-23] and many more papers depicting the
same objectives. All these work focus on a frequency within
the 4G communication range. With the advent of 5G and
future generation communication it has become highly
necessary to design circuits compatible to deliver standard
results in the specific frequency bands.PA performance is
assessed using a variety of factors. Linearity, power
consumption, power added efficiency (PAE), output power,
and power gain are the most significant features of a PA design.
The tradeoff between the efficiency and linearity has been a
concern while designing PA.

Common definitions of parameters under measurement:

(1) Output power (Pout) is defined as the maximum amount
of power obtained at the output of the PA and which is
delivered to the load (antenna)”. It is expressed in dBm.

2
Vout

R, (6)

Pout =

where, Vo and R; are the output voltage load resistance

respectively

(2) Power consumption (Prowi): Due to the portable nature of
the applications it is necessary to ensure that it does not
consume more power thus reducing the runtime of the
device, as some of the power is dissipated in the form of
heat. “The summation of static power (Ps), and dynamic
power (Pp), which occurs due to leakage current, /cc and
high frequency switching” respectively constitute the
total power. Static power affects the power consumption
more in comparison with the dynamic power, and high
power consumption results in low life time of the PA.

Protar = Ps + Pp (7)

(3) Power Gain (G): Power gain indicates “the ability of the
PA to deliver a significantly higher amount of power to
the load in comparison with the input power and given by
the ratio of output power to input power”.



P
G =10 loglopo—ut dB

mn

(®)

where, P, and Pi;, are the output and input powers
respectively.
(4) Efficiency (n): Efficiency is classified into

Drain efficiency (DE): Is calculated by dividing the output
RF power by the dissipated DC power.

DE — Pout (9)

P(pcdrain)

Power Added Efficiency (PAE): Is measured by calculating
the difference between the output and the input powers and
dividing it by the dissipated DC power,

(Pout= Pin)
PAE = P(pc,drain) (10)
(5) Linearity: For any RF PA, it is expected that the output
power should vary linearly with the input power. To
verify the linearity, a graph is plotted by taking the
logarithmic value of the modulated input RF and the
output powers and the third order intercept point (IP3) is
found out.

3.1 Block diagram

Figure 2 shows the generalized structure of the PA. The
active device is the transistor and the matching network at the
input and output side ensures maximum power transfer.
Assuming that the output of the PA terminates into a load
which is most often a transmission line connected to an
antenna it is impossible to optimize the load impedance to
ensure high efficiency and linearity. Thus, an output network
like a tank circuit or a transformer is used to transform the real
load impedance to the optimum output load resistance for
amplifying devices.

Active
Device

Output
Input P

Network

DC
Supply
Voltage

1

Network

Bias
Network

L

1

Figure 2. Block diagram of PA

The bias network is responsible for providing the proper
bias for operating the transistor as an amplifier. The operation
of the PA is characterized by the output power, class of
operation, intended frequency of operation and the circuit
configuration. The individual power transistors available are
capable of providing output power approximately equal to 150
W due to its inability to handle the current and voltage levels
required for RF amplifications to higher levels and also the
fact that the heat dissipation needs to be properly handled.

3.2 Analysis of the small signal model of FInFET

When building a PA at RF frequencies, it is imperative to
analyze the corresponding model of the active device. The
FinFET microwave model consists of three models: a small
signal, noise, and large signal model. The small signal model
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serves as the foundational model and is generated from the
other two models [24]. The circuit is separated into two
sections, extrinsic and intrinsic (within the red box), according
to their dependency or independence on the external bias, in
Figure 3, which depicts a small signal equivalent of the 3D
model of the FInFET. The extrinsic elements are Cgy, Cgao, Ry,
Ri Ry and Ry that are defined as gate-to-source/drain
parasitic capacitance, source and drain resistances and
distributed channel resistances respectively.

IL
» i
Coad -
G Roq Igl Cado Ry D
AAAA AAAA
© YYYY 1l YWy—o
> .
E: Rgy Rys ‘
- O v Cadx = G
— Vs =
Ceso 1+joty, g L
=
E: Rsub
=T= (k3 Las

Yy

Rg

AAAA

Figure 3. Small signal equivalent of 3D FinFET

Coa and Cg are the gate-to-drain/source intrinsic parasitic
capacitances, Ry, is the output resistance, Ls and 7, are
responsible for the transport delay between the source and
drain in short channel devices [25]. DIBL results in Cyax, gm 1S
the transconductance and Cj;and R, are the capacitance and
resistance induced due to substrate loss which varies in
accordance with the substrate bias.

It is advisable to extract the extrinsic parameters first and
for this the transistors are biased under OFF state. The circuit
in Figure 3 thus reduces to that shown in Figure 4.

The Y-parameter model is analyzed by Qin et al. [24] in the
OFF state and the real and imaginary parts are represented as
shown in Eqgs. (11)-(14).

Nig @ + Ny1w3+ Nqp 05

Im[YlZ] = 1+ M1 w2+ M1 w*+ M3 w® (11)
Relly] = e e (12)
RIm[Yy,] = e e e (13)
RelY,] = —Meow’t Nayo” (14)

1+ M1 w2+ Mi0*+ Mi30°

where, the coefficients N; and Mj; are all the functions of the
elements shown in Figure 4. The coefficients Ny to Ny are
defined as follows:

Nip = Cyao (15)

Nyo = ngo(cgdo + de)Rs (16)
N3g = Cyso + Cjg (17)

Nao = (Cgso + Cja)'Rs + ChRsup (18)



The symmetry of the device structure suggests that Cys, =
Cgao» Rs = Ry and the extrinsic parameters can be extracted
as follows:

Cgso = ngo = Ny (19)
Cjq = N3o — Ny (20)
Rs = Rg = Nyo/NyioN3 (21)
(N _ N%ONZO)
b = 40 NioNso ) (22)
su (N30 - NlO)

If the effect of the extrinsic parameters is excluded, then the
Y-parameters of the intrinsic equivalent circuit:
Short circuit input admittance,

. 1
jwcgs*_l ]a)ng*—
Rgs Rgd

Vi = (23)

. 1 . 1
wCyst+ —— wCgq+——
Jwlgs Rgs Jwlgd Rgq

Short circuit transfer admittance from output to input port,
(24)

Short circuit transfer admittance from input to output port,

1

JjwCgax

: R
Vo = Sy e~omm — ——Tgd 25)
]wo _](l)ng"’ %7
Short circuit output admittance,
. 1
joCgax
. 1 R
Yo = jwCsax + g (26)

. . 1
RgstjwlL, +—
dstjwlgs JwCgq Roa

The real and imaginary parts of the admittance parameters
are derived with respect to the angular frequency, w as shown
in the Egs. (27)-(34).

Kiow

Im[Yi, + Yip] = Kyg? 27)
K 2
RelYiy + Yip] = {25 (28)
K
Im[=Y,] = 78 (29)
K 2
Re[-Yi2] = (30)
Im[Yy; — Yi2] = Ksow (€29)
Re[Y; — Yi,] = Kgo + Ky w? (32)
K K713
Im[Y;; + Yyp] = 770&)22 e (33)
1+R£ou2
ds
— = Kgo + Kog? (34)
Re [Y12+ Yz2] 80 90
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The coefficients represented as Kj; are:

KlO - Cgs (35)
KZO - ngs Rgs (36)
K30 = Cgq (37)
Kio = CZ Ry (38)
KSO = 9m Tm (39)
Keo = gm (40)
Ko = Coax — -2 41
70 — “sdx this ( )
Kgo = Ras (42)
Las
Koo = Rao (43)
d

From the simulation results obtained by Kang and Shin [25]
and the Y-parameters the intrinsic small signal parameters can
be depicted as:

Cgs = Kio (44)

Rgs = K20/K120 (45)
Cga = Kzo (46)

Roa = Kio/ K2y (47
T = — Keo/Kso (43)
Im = Keo (49)

Coax = Npo -+ Y200 (50)
Ras = Kgo (51)

Lgs = /Koo * Kgo (52)

*All the expressions are from the analysis carried out by Qin
et al. [24]:

ngo Ry

G D
—— W
o 1
Rgs = G
Cgso p—— -
Cgs E:Rsub

Figure 4. Simplified equivalent circuit when no applied bias

This small signal model was tested by Qin et al. [24] for a
20nm FinFET and it was found that the model works perfectly



for the frequency range from 10MHz to 300GHz in the linear
region when Ve, = 1V and V4 = 0.1V and saturation region
when both ¥V, and Vg = 1V. With reference to the intrinsic
parameters, it has been noticed that in the saturation region Cay
is much higher than Cgq g, increases with increase in the drain
voltage 7y and decreases with increase in gate voltage Ve
when the transistor moves towards the saturation region. Ry
and Lg decreases with increasing values of Vg, while 7,
increases for increasing values of V.

The intrinsic parameters are expected to improve the RF
performance by substantially increasing the cutoff frequency
fr, and the maximum frequency of oscillation f,... by reducing
the values of Cgs, Cus, Rgs and Rgq. Scaling of FInFET is also an
important aspect which contributes to the RF performance.
The gate length L, is responsible for increasing the C,s and Cys
due to the increasing plate area. This is compensated by the
proportionality of the width to height of the fin such that the
width is much smaller than twice the height of the fin. The
increase in fin width and the value of L, will also help to
reduce Ry and Rgs due to the change in effective cross-
sectional area of the gate to source/drain. The cutoff frequency
fr, increases as Lg decreases and decreases as Wy, increases.

3.3 Design of RFPA

Of the various topologies available for the PA design the
circuit here has been tested for a single stage transistor model.
The major requirement for a PA is to minimize the tradeoff
between efficiency and linearity which can be achieved by
combining the properties of the Class A and Class B amplifiers
[26]. Here in Figure 5, a single transistor model is designed to
verify if the FInFET would be a suitable candidate to provide
the required gain and power requirements. Figure 6 refers to

DC supply voltage

the demonstration of the signal flow and the various
parameters including parasitic that are present in the single
transistor model of the PA.

The fundamental design factors pertain to the transistor's
structure, including its channel length, gate width, suitable d.c.
gate bias voltage, safe value of Vpp for the chosen channel
length, and a passive output matching network. Faster
transistors have shorter channel lengths, which translate into
greater maximum frequencies, or fmax, and maximum
available gains (MAG) per stage. To ensure that the product is
reliable, the value of Vpp should guarantee Poy. The goal of
reducing the d.c. gate bias is to increase the fmax and
minimum gate width, which would be sufficient to add the P
to the peak to average power ratio (PAPR) and total the Pouy.

Vaa

] Le

7
Vhias

3 Lb

™~

=
el !

- 50 ohm
3.5 GHz,

50 ohm

O,

Ea

Figure 5. Single stage power amplifier circuit
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Figure 6. Representation of signal flow and important parameters in a single-transistor PA stage

The Poui is limited by the safe value of Vpp more than that of
Luax. The design flow begins with the physical layout of the
transistor in such a way that the extrinsic parasitic are
controlled. In the process of d.c. to a.c. conversion in PA
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maximum PAE occurs only at Py, but complex modulation
techniques with high peak to average power ratio (PAPR) and
error vector magnitude (EVM) requirements force a
considerable backoff, thus causing the PAE to drop drastically.



This can be improved by improving the ratio of Py to the peak
dissipated d.c power which depends on the technology, gate
width, downscaling of safe Vi with gate length. Static
nonlinearities are exhibited by the voltage to current

conversion of the transistor and the capacitances, C,s and Cgq.
The flow diagram of the design process is shown in Figure
7.

7
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18nm FinFET PDK

~

J

Y
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t istor
EAnSIStOr (Lb.Lo) voltage sources accordingly
-
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(Chb, Co)
o

A A A A 4
A 4 Apply Viias
Apply Vpp =1V
A
A\ 4

Perform parametric analysis by varying
each component simultaneously for every
value of Vbias ranging from 100mV to 1V

v

Verify S-Parameter analysis plots
by simulation

No

Y

L

[ Obatained required
results

Y

Yes

| Extract the plots I

Figure 7. Flow diagram of the design process

Table 1. Dimensions and parameters of simulated FinFET

Dimensions Values
Transistor nlhvt
Fin Pitch 48nm
Poly Pitch poly86
Gate Length 18nm
No. of Fingers 1
Number of Fins per finger 20
Multiplier 70

Table 2. Values and dimensions of capacitance

Capacitor Dimensions Values
Plate capacitance 1.025 mF
Fringe capacitance ~ 242.5 pF
c Capacitor width 1.019 pm
¢ Capacitor length 3.6 um
Multiplier 90
Capacitance 6.00032 f F
Plate capacitance 1.025 mF
Fringe capacitance  2425pF
Ch Capacitor width 1.02 pm
Capacitor length 3.6 um
Multiplier 15
Capacitance 6.0045 f F

The PA is designed and simulated using Cadence Virtuoso
design suite using 18nm FinFET technology. The nlhvt
transistor characteristics are analysed using g,,/I; method and
the operating points are obtained. The transistor is biased so
that it operates in region 2 with g, = 40.9823m, Vg =
494.251mV and 1; - 6.57524mA and Vs = 988.443mV. The
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main geometric parameters of the FinFET are fin length, fin
width, oxide thickness and fin height. The FinFET is
optimized by varying the number of fins and multiplier the
simulated dimensions and parameters of which are shown in
Table 1. The circuit is operated at supply voltage, Vpp = 1V
and bias voltage, Vies = S00mV. Through parametric analysis
the values of the inductors and capacitors in the input and
output matching networks are determined in such a way that
maximum gain is centered at 3.5GHz frequency. The input
matching network comprises of a capacitor C, and L, and the
output matching network comprises of C. and L. which are
described in Table 2.

The capacitor that has been optimized for this design is from
the same 18nm FinFET library. However, due to limitation on
unavailability of the inductor in this library, this component
has been taken from the analog library and optimized using
parametric analysis for the input and output matching.

4. RESULTS
4.1 Simulation set up

The nlhvt transistor has been chosen and characterized in
order for it to function in region 2, which is the amplifier's
active region, before the PA can be designed. By applying a
supply voltage of 1V and a bias voltage of 500mV, the gm, 14,
Vs, and Vy, are extracted in this way. The circuit for the PA is
designed once these values are extracted and the dc operating
points are stored. The extracted operating points can be seen
in Figure 8.



For designing the PA the components are placed as shown
in the Figure 9. The signal is applied at Port 0 and the output
is terminated at Port 1 with impedance of 50Q. Initially
transient analysis is carried out to check if there is proper
amplification.

nlhvt
ig=6.57524m
500m Vs = 494.251m
Vs = 988.443m
gm = 40.9823m
region =2
Vss

Figure 8. FinFET transistor parameters after dc biasing

Once it has been verified, the S-parameter analysis has been
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carried out to check proper matching of input and output at the
operating frequency. Parametric analysis has been carried out
for varying values of inductors and capacitors in order to
achieve proper resonance.

4.2 Simulation results

The FinFET single stage amplifier circuit exhibits the
anticipated response to the applied RF signal. A 27.71dB gain
is attained at the 3.5GHz center frequency. FinFET is a viable
contender for 5G communication in the Sub-6 GHz frequency
band, according to Figure 10's S-parameter curves. Based on
what the simulator recorded, the power gain is 25dB and the
obtained bandwidth is 208MHz. Proper matching of the S11,
S21, S12, and S22 curves at 3.5GHz is demonstrated by the S-
parameter curve plotted using the s-p analysis displayed in
Figure 10. This guarantees optimal power transfer by matching
the input and output impedance properly. The periodic steady
state analysis is performed using the -3dB bandwidth that is
computed from Figure 11. The output power is 4.3mW which
is approximately equal to 6.335 dBm applying the formula:

Piapm) = 10log1o (Panwy/1mW) (53)

[} ~ . PORT

Figure 9. Simulation set up on Cadence Virtuoso

Table 3. Comparative analysis of the recent work in the area of designing RF PA in mmW and Sub-6 GHz frequency range

Frequency . Power Bandwidth Vop
Reference Band (GH2) Topology Technology Gain (dB) Gain (dB) (MH2) Pout (dBm) V)
[27] 6-48 Two stages 22nm FDSOI 16.8 - 42 13 2.2
[28] 2.4 Doherty 200nm CMOS - 17.2 - 23.2 3
[29] 0.6-6 Switchable 14nm FinFET - - - 6.5 1/1.8
transformer
Differential three 28nm CMOS
[30] 245-29.5 stack FDSOI 15 - - 195 3
[31] 26-30 2 stage Doherty PA 150nm CMOS 15.7 - 14.6 36.1-36.5 24
This work 3.5 Single stage 18nm FinFET 27.71 25 208 6.33 1
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Name

N 521 dB20 30.0
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Figure 10. S-parameter curve obtained from Virtuoso
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Figure 12. (a) Pin vs. Pout;

Plotting the power gain at Psat with a pi, in the range of -
20dBm to 10dBm reveals the linearity of the steady state
analysis and the power gain of 25dB at Psat as shown in Figure
12. Even with switchable transformers in the circuit, the
estimated chip area required for Yamaguchi et al. [31] is 3.5
mm?, whereas that Jung et al. [29] founded is 1.92 mm?. This
indicates a significant reduction in die area when transitioning
to the 14nm FinFET technology. The design offered in this
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(b) Pin vs. Power Gain

study has the added benefit of not requiring any transformers,
which take up a lot of space, and produces output power that
is roughly equal to that of Jung et al’s study [29].
Additionally, the inductor values are much smaller when
compared to CMOS technology, which further lowers the
needed area. It is thus assumed that the design presented here
will require lesser die area. However, another concept
explained by Moraes et al. [32] that reduction in area is not



always the result of a lower fin count, increase in width and
height may become necessary if the routability becomes
problematic. Since it is possible to simulate only the
components available in the library of Cadence, it is not
possible to optimize the FinFET beyond a certain limit. With
these limitations too, it was possible to obtain best results in
terms of operating frequency, gain, bandwidth and output
power at a supply voltage as low as 1V. In comparison to the
CMOS technology, and various topologies referred in Table 3,
FinFET results are quite encouraging in designing a PA with
minimum chip area.

5. CONCLUSIONS

FinFET based PA has provided very promising results in
terms of the 3.5GHz operating frequency of the Sub-6 GHz
frequency range which is the frequency used in the recent 5G
enabled mobile handsets. A high gain of 27.71dB at the
operating frequency is much above the required 23dB. The
output power is 6.33dBm when configured in a single stage
topology and is only slightly lesser than the PA designed using
14nm FinFet Technology which employs a switchable
transformer. The proposed design works at a single supply
voltage of 1V in comparison with the two voltage levels of the
design in Jung et al.’s study [29]. The potential application and
benefits lie in the low supply voltage and low chip area. The
objective of this work was to design a simplest form of PA
with minimum chip area requirements and adaptable to the 5G
specifications, which has been successful.

This work opens the door for further research in this area.
The FinFET model optimization to provide maximum drain
current at the device level can improve the results further. This
can be done by modelling the FinFET using TCAD by making
structural changes to the fin and gate as discussed by Ghai et
al. [33]. If we take into account different topologies for power
improvement, such as the Class AB or cascode PA, these
results could be further enhanced. Another very important
aspect of improving PAE can be by employing efficiency
enhancement techniques of which envelope tracking method
will be further examined.
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NOMENCLATURE

RF Radio Frequency

PA Power Amplifier

PAE Power Added Efficiency

dB decibel

dBm decibel-milliwatts

fr Cut-off frequency

Om transconductance

C Capacitance

R Resistance

Y Signal parameters

Im Imaginary

Re Real

\Y Voltage

| Current

L Inductor

H Height

W Width

P Power

S Steady State

K Small signal Constant

USA, pp. 163-166.
https://doi.org/10.1109/RFIC51843.2021.9490416

Greek symbols

L micro

® angular frequency
T time constant
Subscripts

gs gate source

ds drain source

bias bias

dd supply voltage

fin Fin





