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Abstract

In this paper, an Inductively Degenerated Cascode Low Noise Amplifier (IDCLNA) is designed using TSMC 0.13 um RF
CMOS technology. For improving the performances of LNA, modifications are done in conventional IDCLNA. They are 1.
Forward Body Bias (FBB) technique is applied to reduce the supply voltage. 2. The inductor is added between main and
cascode transistors for increasing the gain. 3. To reduce the noise factor of cascode stage, an inductor is inserted at the gate
of cascode stage. 4. For improving the stability factor, the modified resistive and capacitive shunt feedback is used. The
proposed LNA produces 10.7 dB voltage gain, 3.27 dB noise figure, -9.1 dBm IIP3 and 957 uW power consumption. For
optimizing the design parameters of proposed LNA, the popular optimization technique like Particle Swarm Optimization
(PSO) algorithm is used to improve the performance measures. The optimized LNA achieves 12.6 dB voltage gain, 3.19 dB
noise figure and consumes 869 uW power. The optimized results produce the good Figure of Merit (FOM) of 6.6.
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1. Introduction

The rapid development of wireless communication
and semiconductor technologies increases the CMOS
RF transceiver for Wireless Sensor Network (WSN)
applications. WSN consists of group of sensors or
nodes which are used to gather information from an
environment or control an event'. If the nodes are battery
operated in a WSN, so their power consumption has to be
reduced to ensure that they can provide a longer battery
lifetime?. The requirement of low power consumption is
a major concern for short range communication devices.
The IEEE 802.15.4 standard called zigbee supports
2.4GHz ISM band frequency for WSN.

Low Noise Amplifier (LNA) is the first crucial
component in RF transceiver. The design of LNA has
a tradeoff between the performance measures such as
gain, linearity, noise figure and dc power consumption.
The Inductively Degenerated Cascode LNA (IDCLNA)
is a popular approach for narrowband applications®*.
The IDCLNA structure does not support for low voltage
and low power applications. Usually, the supply voltage

* Author for correspondence

of cascode LNA should be larger than twice of the
threshold voltage. Various techniques are incorporated
for reducing power consumption®”. An inductively
degenerated common source topology was proposed. It
operated at 0.5 V supply voltage®. This LNA produced
the 13 dB gain, 5 dB noise figure, -9 dBm of IIP3 and
2.8 mW power consumption. The common source LNA
affects the isolation. Another LNA was proposed using
modified current reuse architecture which used the two
stage common source topology with modified input
matching. It achieved the 14.4 dB gain, 1.6 dB noise
figure, IIP3 of -9 dBm and consumed 960 mW power
at 0.9 V supply voltage’. An ultra low voltage low power
LNA was proposed for UWB applications'. To attain low
power, Forward Body Bias (FBB) technique was applied
for reducing the supply voltage. It achieved the noise
figure of 2.83-4.7 dB and consumes 4.2 mW power. In this
paper, the cascode LNA is proposed with FBB technique
and also it is biased in moderate inversion region for
supporting low power dissipation and low supply voltage.

For analog/RF design, finding optimized values of
LNA is a very difficult task. Optimization algorithms
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are playing a major role in analog design automation
methodologies. For optimization, various algorithms
are available for LNA optimization. A PSO algorithm
was applied to a single discrete transistor for optimizing
the performance limitations of the transistor such as
minimum noise figure and maximum gain. Using that
transistor, an ultra wideband LNA was designed to
produce good performances'. Theoretical based least
square algorithm was incorporated to optimize the output
matching network of the 3-5GHz wideband CMOS LNA
for minimizing the Noise Figure (NF) and maximizing
the gain'2. The UWB LNA in CMOS 0.25 mm technology
was designed and its area, power and performances were
optimized using genetic algorithm'. In this, Particle
Swarm Optimization (PSO) algorithm is applied to
optimize the LNA using equation based approach.
The remainder of the paper is structured as follows:
The design of proposed LNA is discussed in section 2.
Section 3 discusses PSO algorithm and also states that
specifications, objective function and constraints of the
problem. Simulation results are discussed in Section 4.
Section 5 dealt with conclusion.

2. CMOS LNA Design

A schematic diagram of proposed LNA and its equivalent
two stage circuit is shown in Figure 1(a) and (b). It has
IDCLNA structure which consists of cascode structure
with input and output matching networks. The cascode
structure is treated as CS-CG (Common Source-Common
Gate) stages. Usually, the supply voltage of cascode LNA
is selected as greater than the twice of the threshold
voltage in saturation region. For reducing the supply
voltage, Forward Body Bias (FBB) technique is applied to
reduce the threshold voltage. The threshold voltage (V)
expression is given as,

Vrh:Vrho‘f"Y(\/z%@f_Vhs_\/E) (1)

where V, is the threshold voltage at zero bulk source
voltage, g V, = 0 y is the bulk threshold parameter, and
@, is the bulk Fermi potential. Based on Equation (1), the
threshold voltage is reduced by applying positive bulk
source potential (i.e.,) V, > 0. The simulated threshold
voltage of CS stage MOSFET with L=0.13 mm and W =62
mm reduces from 0.43 V to 0.347 V when applying body
source voltage of 0.5 V. The supply voltage of proposed
LNA is chosen as 0.8 V. The bias or gate source voltage
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has chosen in transition region between weak and strong
inversion regions which is called as moderate inversion
region'*. Both drain and diffusion currents are significant
in moderate inversion region and also support for low
current consumption.
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Figure 2. Small signal circuit of input stage.
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The small signal equivalent circuit is shown in Figure
2. The input impedance of IDCLNA is written as’,

jwC, ’
where
L=L +L, 3)
C=C,+C, (4)

L isthesourceinductanceand L is the gateinductance.
C, is the additional capacitance. It is connected in parallel
with the gate source capacitance. C__ is the gate source
capacitance and is calculated by

C,= WWLC ©)

To find the values of inductors L, L and the
capacitance C; the real and imaginary terms in Equation
(2) are equated to the input impedance value of 50 Q.
For obtaining the perfect input impedance matching, the
values of parameters L, L and C,are adjusted. g , is the
transconductance of the main device.

If the output impedance of the CS stage and the input
impedance of the CG stage are both capacitive, a series
inductor L_ is inserted between CS and CG stages to build
a series resonator so as to improve the matching between
CS and CG stages. Also, the power transfer between CS
and CG stages is increased at resonant frequency of the
resonator.

An inductor L, is inserted at the drain of CG stage
for output impedance matching. L, is placed for two
purposes: 1. The inductor L, is resonated with the total
drain capacitance so as to obtain the desired frequency
range. 2. It is used to provide high impedance for good
voltage gain. The values of L, and C2 are chosen by trade-
off between gain and bandwidth of the circuit.

In accordance with the noise figure, the noise of CG
(cascode) stage is smaller than the CS stage. It mostly
depends on parasitic capacitances of CG stage. The
parasitic capacitance Cgsz (gate to source capacitance)
which depends on width of the CG stage is more
important to produce the noise figure of CG stage. The
equivalent circuit of proposed LNA is shown in Figure
1 (b) where C ;, and g_, (gate to drain capacitance and
bulk transconductance of the CG stage) are ignored for
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simplicity. The total parasitic capacitances are represented
by C, which estimates as,

C,=C,+C,, (6)

where C ,and C
and gate to bulk capacitance of CG stage. C affects the
gain of CS stage and the noise figure of CG stage. The
noise figure of two stage LNA becomes as in Equation (7)
when noise contribution of CG stage is considered'*"®,

ﬁ] @)

Tgm2

are the gate to source capacitance

F=F+F =FE+4R",8.,

where F, and F, are the noise figures of CS stage and
CG stage. The equation of F| is described as

22
F:R51+R72chx ®)
s Oégdo
where
sa’ C;
14 +1-2|c o ©)
=g Qs ||t e

R,y,and g, are the source resistance, bias dependent
factor and zero bias drain conductance of the CG stage.

In Equation (7), Cp increases the noise figure of
CG stage. For reducing F,, an additional inductor L, is
inserted at the gate of CG stage and is in parallel with the
capacitance C . L, and C are formed as a parallel network.
The inductance L, is used to cancel out the capacitive effect
of C at the resonant frequency. The resonant frequency of
the parallel network is given by

o /\/chp

The inductor L effectively reduces the noise figure
of CG stage. The modified resistive and capacitive shunt
feedback (R, and C)) is employed to improve the input
impedance matching and stability factor. The value of
resistor (R)) is 1KQ.

(10)

3. Optimization of LNA

Optimization is required for finding an optimum bias
point because various bias points are available in moderate
inversion region. Also, the optimum width is also very
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important for gain, noise figure and power consumption.
For optimization of analog/RF circuits, optimization
algorithm plays a vital role. PSO algorithm is applied to
LNA which are discussed below.

3.1 PSO Algorithm

PSO is a population based optimization technique
invented by Eberhart and Kennedy. This algorithm
is inspired by social behavior of bird flocking or fish
schooling (Kennedy 2001). PSO has better computational
efficiency, less memory space, lesser CPU speed and
lesser number of parameters. It starts with the number
of particles which form a swarm to move around in the
search space. Each particle keeps track of its coordinates
in the search space to achieve the best solution associated
with the two solutions which are personal best (pbest)
and global best (gbest). Every particle move toward its
pbest and the gbest locations, with a random weighted
acceleration at each time step. The flowchart of PSO
algorithm is shown in Figure 3.
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[ Evaluate objective function }

!
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|
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Figure 3. Flowchart of PSO.
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PSO initializes with a swarm of particles to move
around in the search space. The swarm size (N) and
dimensions (D) of the problem are used to represent the
search space i.e., N'D matrix vector. The i particle of the
swarm is represented by a vector, X, = [Xﬂ, b S XiD]. X,
= [x,» X, . x,,)] Avector V. = [v,, v, ... v, ] is used to
represent the velocity of the i particle V. = [[v] , v, ...
v,] pbest and gbest are the two important parameters
which are represented by the vectors pbest, = [pbest,
pbest_,pbest ] p, = [p,, p,> - P, and gbest = [gbest,,
gbest ,... gbest ]. Randomly, initializes the particle’s
position and velocity. The fitness or objective function
is calculated for each particle. If the calculated fitness
value is better than pbest (best fitness value), the current
fitness value is used as the new pbest value. Particle
with best fitness value of their neighboring particles is
chosen as the gbest value. According to Equations (11)
and (12), position and velocity of particle are updated.
This procedure continues until the maximum iterations
reached.

Vilji“ = W-V; + cl.rlk.(pbest:‘d — xﬁ) + cz.rzk.(gbestld‘ — x;) (11)
xk+1 _ Xk +vk+1 (12)
id — Xid id

where d = 1,2,...... DandI=1,2,....N. pbestkid pb
is the personal best position of given particle. gbest
is the global best position of all the particles and wic,,c,
are constants. r, and r, are random numbers which are
uniformly distributed the values between 0 and 1. PSO
algorithm is used for optimization of low noise amplifier.
LNA is optimized using equation based optimization
approach.

3.2 Design Specifications and Objective of
PSO Algorithm

The objective function of LNA design is the maximization
of FOM (Figure of Merit). It involves three important
performance metrics which are gain, noise figure and
power consumption. The cost function is defined as

CF = maximize FOM (13)

where FOM can be expressed as follows”"”,

FoM——C (14)
(NF—1).P,.

where G is the voltage gain in dB, NF is the noise
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figure in dB and P is the power dissipation in mW.
To maximize the objective function, gain should be
increased and noise figure and power dissipation should
be reduced. The LNA is to be optimized using equation
based approach. The equations of the design specifications
should be expressed in device parameters as discussed in
following subsections.

3.2.1 Voltage Gain

It is the important performance metric of LNA. It is
defined as the ratio of LNA output to the input and
is expressed in dB. The gain depends on the main
transconductance of LNA. The formula for voltage gain
is as follows's,

A?Q,8.7 (1)

where Q, is the input matching network quality
factor, g . is the transconductance of main transistor, ZL
is the load impedance. Q_ is expressed as,

Q =—— (16)
2w,R C,

w, is the resonant frequency, R is the source resistance
and C is the total capacitance which is expressed as,

Ct=Cgs+Cd (17)
where

c =2cwrL (18)
g 3 ox "1

C,, is the oxide capacitance, W, and L are the width
and length of main transistor. The transconductance of
main transistor is explained as,

(ejfcaxWVvada) (19)
&m = f
and the effective mobility is expressed as,
A
e, — —sat (20)
I E

V., 1s the saturation velocity, E_ is the velocity
saturation field strength, W and L are the width and length

of the main transistor and the parameter o is expressed in
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terms of overdrive voltage as in Equations (19) and (20),

1+ 1
o +/2/2’ (21)
(1+p)
Vd
=2 22
and p LESE[ ( )
3.2.2 Noise Figure

Noise figure is another important measure. It is defined
as the ratio of the Signal to Noise Ratio (SNR) at the input
to the signal to noise ratio at the output. The noise factor
is calculated using transistor’s small signal parameters as
follows?,
22
F= R 1+ RELQ % (23)
s "8 40

Sa? 5 C? C 2
= 1+Q =& +1-2|d=& e (24)

t

Where g, is the zero bias drain conductance of the
transistor and is expressed as,

w (25)
ng = eﬂ Cnx TVod

where R =R + R R and R are the source resistance
and gate resistance respectively. y, 6 and a are the bias
dependent parameters. ¢ is the correlation coefficient
between gate and drain noise currents. It is defined as,

g %1,

2 .2
\ lnglnd
where i _and i , represent the gate noise current and
drain noise current.

(26)

cC=

3.2.3 Power Consumption

Itis veryimportant factor of LNA. Itis simplya DC current

multiplied by a supply voltage. In saturation region, the
current expression of the short channel transistor is given
as9,l9’

Vi (27)

I,=WC,V,, ——%—
Vod +LEsat

ox = sat
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V , is the effective or overdrive voltage and can be
written as,

Via= Ve~V (28)
The overdrive voltage ranges depend on moderate
inversion region. The power consumption is calculated as,

P =L, xV, (29)

where W and L are the width and length of the
transistor, E_ is the velocity saturation field strength,
and v_ is the saturation velocity and V_, is the overdrive
voltage.

3.2.4 Input Parameters and Constraints for PSO

PSO algorithm is implemented using Matlab. Initial
population matrix size of PSO is 70 x 3 where row number
of 70 represents the number of particles in the population
and column number 3 indicates the dimension of particle
vector which is represented as {A, NE P} where A is
the voltage gain, NF is the noise figure and P is the DC
power consumption. Iterations are given as 200. The value
of constants cl and c2 are chosen as 2 and inertia weight
w is selected as 0.9.
The constraints for design parameters are

L <L<L (30)
W <W<W (31)
Vodmin S Vodi S Vodmax (32)

The range of L is set to be relatively small, which is
close to the minimum feature size of the targeted CMOS
technology. The range of W is set to be from 10 pm to 100
pm, which is adequate for channel width requirement.
V., is set to be in moderate inversion region so that the
range of overdrive voltage V_, from 10 mV to 400 mV.
The effective gate length of 0.13 mm is selected. The LNA
Small signal parameters involved in the objective problem
are as follows: y = 1.2; ¢ = 0.2; R =50 W; S =2 W=
1510 C_ = 13.2'10°F/m% T, = 2.81nm; E_ = 4.5'10°
V/m;v_ =11.7"10* m/s. The target value of the objective
function is aimed to be greater than 5. The fitness or cost
function can be written as,
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CF=-abs (FOM -F, ) (33)

desired

where abs denotes the absolute value. F, . is the
desired value which is 7. When the condition is satisfied,
the fitness function has zero value. In other cases, negative
fitness value is obtained. To maximize the fitness function,
the optimal solution is achieved. According to the PSO
algorithm, the optimized values of design parameters are

obtained which are given in Table 1.

Table 1. Optimized design parameters of LNA

Design LNA without PSO
Parameters Optimization

WI1 (mm) 62 86
W2 (mm) 31 89
V., (mV) 53 23
V, (mV) 400 370

The other design parameters of LNA for input and
output matching networks are L =10 nH; L =0.25 nH;
C,=318 fF; L_=6.7 nH; L,=9 nH; Lp:0.5 nH; R=1 KQ ;
C=51E

4. Simulation Results

The designed LNA is simulated using Advanced Design
System (ADS). The low noise amplifier is redesigned with
resulting PSO design parameters in ADS simulator to
validate that PSO based LNA design is satisfying desired
specifications. The overall performance merit FOM is
maximized from 4.92 to 6.6. The LNA with and without
PSO is shown in Figure 4 which produces 10.7 dB voltage
gain for the proposed LNA and 12.6 dB gain for the
proposed LNA with PSO.

Voltage Gain (dB)
111 ‘ L1111

o
I I

Frequency (GHz)

Figure 4. Voltage gain.
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The noise figure of LNA with and without PSO is
shown in Figure 5. The proposed LNA with and without
PSO achieve 3.27 dB noise figure and 3.20 dB.

LNA
— —— LNA with PSO

Noise Figure (dB)

LI S N N B O N N B I B B Y O B |
1.0 15 20 25 3.0 35 4.0

Frequency (GHz)

Figure 5. Noise figure.

For two tone test, two frequency signals of 10 MHz
spacing with equal power levels are applied to the
proposed LNA with and without PSO. The input third
order intercept point (IIP3) of -9.1 dBm and -11.1 dBm
are achieved for proposed LNA with and without PSO as
shown in Figure 6.

20

J—— 1Na
————— LNA with PSO
i__&___-ﬁ——"""—_!
ol . I G -
= H " g
=
g
E -
=3
1=
-1
£
=
o
11.1dBm | |-9.1dBm
A~ e e
4 35 30 25 20 -5 -0 5 0 5 10

Input power (dBm)
Figure 6. 'Third order intercept point.

The modified resistive capacitive shunt feedback
effectively improves the stability factor of proposed LNA.
For unconditional stability, the necessary and sufficient
conditions are®,

Al <1 (34)

K=(1-| k114 142~ 2242+ Fa{2) 2 k12
214144 >1

(35)
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where A=S§ S -S.S, (36)

Figure 7 shows that Rollet’s stability factor K and A
which are satisfied their conditions for proposed LNA
with and without PSO. The values of K and A are 6.84 and
0.286 for proposed LNA. The optimized LNA produces
6.632 and 0.477 for K and A.

0.9 25
B s [
08_ == LNA with PSO
_ —20
0.7
| 4
=15 &
A 06 E
n [
05— 10 £
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n —5
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Frequency (GHz)

Figure 7. Stability factor and A.

The proposed LNA and the optimized LNA satisfy the
stability conditions. The voltage gain and the noise figure
values have improved for the proposed LNA with PSO.
The IIP3 value has decreased for LNA with PSO than
LNA without PSO. The proposed LNA consumes 957 uW
power. The optimized LNA consumes 1.087 mA current
at 0.8 V supply voltage. The performance comparison of
LNA with and without optimization is shown in Table 2.

Table 2. Performance comparison of LNA

Specifications LNA without =~ LNA with PSO
Optimization (ADS Simulator)

Power Consumption 957 869

(mW)

Voltage Gain (dB) 10.7 12.6

Noise Figure (dB) 3.27 3.20

FOM 4.92 6.6

LNA with equation-based PSO optimization has
achieved the low power consumption of 869 mW, voltage
gain of 12.6 dB, noise figure of 3.20 dB. PSO algorithm
is an efficient algorithm for optimization of LNA circuit.

5. Conclusion

A 2.4 GHz ultralow power CMOS LNA has been designed
in TSMC 130 nm CMOS process at 0.8 V supply voltage.
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Some modifications have been successfully applied for
improving the performances in the proposed LNA. The
proposed LNA has achieved the 10.7 dB voltage gain,
3.27 dB noise figure, -9.1 dBm IIP3 and 957 uW power
consumption. PSO algorithm has been successfully
applied for increasing the FOM by optimizing the design
parameters of proposed LNA. The optimized LNA has
produced 12.6 dB gain, 3.20 dB noise figure, -11.1 dBm
IIP3 and consumes 869 mW power from the supply
voltage of 0.8V. The designed LNA is more suitable for
low power applications.
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