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Abstract

Low-noise amplifier (LNA) is a notable element in RF radio receivers to enhance the desired signal and improve the
performance of the receiver. Linear property of LNA must be focused due to the existence of different noisy signals and
interferers. In addition, extended linearity range leads to less harmonics generation. In this paper, 180-nm technology is
used to design an efficient LNA in ultra wide-band (UWB) frequencies with high linearity and low-noise properties. The
design is based on using power derivative technique which improves the linearity property and achieves lower noise figure.
The simulation results show the gain of 11.125 dB with consumed power of 25.5 mW where the supply voltage is 1.5 V.
Noise figure is achieved as 2.6 dB while the reflection (S;;) is less than —13.35 dB. IIP3 which shows the linearity
characteristic is obtained as 18.599 dBm at the frequency range of UWB (3.1-10.6 GHz) which is desirable.

Keywords Low noise amplifier - Linearity - UWB - Gain - Power derivative technique

1 Introduction

In the wireless communications, the efficient receiver can
be achieved considering many interferers and noise in the
wireless circumstance. Low noise amplifier (LNA) is a
precious element in these receivers to enhance the desired
signal from the received polluted signal. In addition, the
linearity range of LNA must be highly considered due to
the signal delivery from LNA to the mixer in the receiver
structure (Razavi and RF 2011; Daryabari et al.
2019a, 2019b).

The noise reduction is a main factor in design of an
efficient LNA. Different impedance matching methods,
using low-noise components and choosing low-noise cir-
cuit bias conditions are several main efforts to obtain the
low-noise structure. Another main challenge of LNA
design is the linearity range where many papers are focused
on suggesting the solutions for this challenge. In (Im and
Lee 2013), the desired LNA is proposed with the forward
body bias technique to achieve the high gain and low
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power consumption. By using a simultaneous source, input
matching in a wide bandwidth and low noise figure (NF)
has been achieved in the first stage. In the second stage, the
gain enhancement in high frequencies is obtained. In (Shim
and Yang 2013), an LNA in 180-nm technology is pre-
sented. The harmonic rejection method is applied by using
RC feedback in the gain stage, which increases the lin-
earity. This type of feedback is used to minimize the
number of capacitors and resistors. In (Nguyen et al. 2004;
Ganesan and May 2006), a differential low-noise amplifier
with high linearity in 90-nm technology is presented using
the derivative superposition (DS) technique. In (Mecwan
et al. 2016; Zhang et al. 2009), a low noise amplifier is
proposed using the double feedback technique to increase
the gain. This circuit is a combination of common-gate and
common-source stages. By placing an active load instead
of the resistance as the local feedback, the gain enhance-
ment and noise reduction are achieved. In (Seiedhossein-
zadeh and Nabavi 2012; Hsieh et al. 2008; Moezzi and
Sharif Bakhtiar 2012), a linear low noise amplifier has been
designed and simulated using 180-nm technology at the
frequency range of 5 GHz. In this paper, infrared matching
(IM) is used at the desired frequency where IIP3 is
improved compared to the conventional LNA. In (Pandey
and Singh 2015; Yoon and Park 2014; Parvizi et al. 2014),
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the design of ultra wide-band (UWB) low noise amplifier
in 180-nm technology using post distortion linearization
technique is suggested. Common-gate structure is
employed where using an auxiliary PMOS leads to the
cancellation of the second and third harmonics of nonlinear
currents. The gain and noise figure are slightly improved
while a three-dimensional passband Chebyshev filter is
presented for input matching. In (Gao et al. 2015; Bastos
et al. 2016), the linearity of the low-noise amplifier is
improved by using the feedback method at the frequency of
5.8 GHz. The feedback technique is applied by using a
transistor to increase the linearization of the circuit, where
the gate voltage is controlled by the bias circuit. In (Li et al.
2014a; Ehsan Kargaranl, Mohsen Jamshidi2, Abbas Z.
Kouzani3, and Khalil Mafinezhad, A xxxx; Benqing Guo
and Xiaoleili 2013), a low noise amplifier with linearity
and proper input matching at the frequency of 2.4 GHz
with 130-nm technology is designed based on the input
matching circuit and the basic structure of common-gate.
In (Khaleel and Abbas 2017; Kim et al. 2010; Aditi 2010),
an ultra wide-band low noise amplifier is simulated using
two improved complementary derivative superposition
techniques and forward body bias technique. Taken high
linearity technique for ultra-wideband low noise amplifier
in 180-nm CMOS technology is proposed in Andrew et al.
xxxx; Siamak.v., mostafa.Y. xxxx; Galal et al. xxxx) where
design and analysis of 28 GHz CMOS low-power LNA
with 6.4 dB gain variability for 5G applications is pre-
sented. Post distortion star feedback method is employed to
achieve the highly linear LNA in these papers.

In this paper, power derivative and derivative superpo-
sition are proposed to present an efficient LNA. In this
scheme, common-gate is used and by combining these
strategies, the linearity is notably improved. The main
contributions of the paper can be summarized as follows:

e Applying power derivative method to suppress the third
harmonic signal

e Applying derivative superposition in the proposed
structure to extend the linearity range

e Using common-gate and Cascode structure to achieve
high gain and low noise amplifier

e Implementing an efficient matching circuit in input
stage for supporting of wide range of UWB

The rest of the paper is as follow. In Sect. 2, the pro-
posed structure is completely described in details. In
Sect. 3, the complete analysis of the proposed LNA in
terms of gain, noise, matching and IIP3 is presented.
Simulation and layout results are discussed in Sect. 4
where some conclusions are provided in Sect. 5.
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2 Proposed Structure

In this section, the designed LNA based on linearity range
extension and desirable gain is proposed in Fig. 1. The
proposed circuit is designed in 180-nm technology where
matching circuits are used both in input and output parts.
The value of elements is described in Table 1.

The use of common-source (CS) architecture in the first
stage and employing the inductor Lj in the source result in
the input matching where the noise figure is reduced.
Figure 2 shows the cascode structure used in the proposed
design. The capacitive property of the input impedance of
this part is low due to the low value of the Cys of M; and
thus, the matching resonance frequency will occur at the
frequencies higher than our desired bandwidth. By adding
the inductor L, (as shown in Fig. 3) and reducing the
resonance frequency, it can be seen that the matching is
obtained in the desired UWB frequencies while the gain
loss is compensated in this part.

The next step of the design is focused on the lower
bandwidth region. For matching at low frequencies,
another resonance is required, which can be achieved by
adding capacitor C, in the first stage between gate and
drain of M; (see Fig. 1). The effect of adding C, on the
noise figure of the structure is presented in Fig. 4. More-
over, the inductor L, in M, can be applied to resonate with
Ls and the parasitic capacitor, Cyq of M, which leads to the
compensation of gain reduction in the high frequencies and
achievement of the desired bandwidth. In the second stage,
power derivative (PD) method is used as the main novelty
of the proposed structure. In this technique, increasing v
leads to the change of the third-order distortion component
(gmj3) from positive value to the negative one. Therefore,
using the fact of the similarity of both bias circuits and
currents, the third harmonic component is reduced and
thus, the linearity range of the proposed structure is notably
extended. Thus, high linearity is provided and IIP3
parameter is improved. Without using this method in the
second stage, IIP3 is low while applying PD strategy
causes improving the linearity property and achieving
higher IIP3 as discussed in the next sections. Lg and C,4 are
also employed in the output of the second stage for
obtaining flatter gain which is shown in Fig. 5. Globally
stating, using the proposed structure causes higher linearity
range and smoother gain which are desirable goals of this

paper.
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Fig. 1 Schematic of the proposed LNA

Table 1 Value of elements of the proposed LNA

GND

Value Element Value Element
500 Pf C1 2.23 nH L1

375 Ff C2 1.2 nH L2

440 fF C3 482 pH L3

606 pF C4 3.18 nH L4

W =100 u M1 4.7 nH L5

W =100 u M2 61.3 nH L6

W =250u M3 5Q R

3 Analysis of the Proposed LNA

3.1 Gain Analysis

The gain analysis of the proposed LNA is discussed as

follow. The small-signal model of the proposed structure is
shown in Fig. 6 where by writing KCL in the source of M,

we have:
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Fig. 2 Schematic of cascode structure
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Fig. 3 Schematic of the cascode structure adding L,
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Assuming A = 1(557‘), we have:
(s5+5Cest+8m )

Vs1 = ( )Vgl

Vsl = A evg

Next, by writing KVL in M, we have:

<OuUT+ >

o

Vin— Vel Ve —A®Vy
7 8 — 8 : 8 (5)
2 Cg:l
Vin _ (gc —AesCyt ) (6)
=(sCoy—A0sCops+— |V
SLz 8 8 SL2 81

Assuming B = ( , then we have:

1
szcmLz(l—A)H)
Ve =Bevy, (7)

By writing KCL in the source of M;, we have:

o

Vo

T 5 (Voo - vinO)CZS + 8m1Vgsl (8)
Cor + 5Ly

By replacing (4) and (7) in (8), we have:

S CgsZ

a7 7 %C 0o =B 1-A .o 9
SngxZth +1 s 2:| v * ( )ngm ( )

Since, M3 is designed as a current source circuit, it will
act as a resistance in the small-signal mode. Thus, due to

(9), assuming C = % and some simplifications,
TG
$2Cosalg+1

we finally have the gain as:

. —g.RL6S 1
ve=Ce & 1 i ® 2
L6S+a+R L4CgsS +1
° Vin' (10)

(Rs +35) [sC2 + B e sCyai (1 — A) — C]

3.2 Input Matching

Matching circuit is needed to obtain the input reflection,
S11 lower than -10 dB, which is desirable (Li et al. 2014b).
The analysis of input matching can be described as below.
To calculate the input impedance, we have:

Fig. 4 Noise figure after adding 30
capacitor C, in the first stage of .

the proposed LNA 26|
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Fig. 5 a The effect of applying Lg and C4 on the gain (before applying). b The effect of applying Ls and C4 on the gain (after applying)
2
+}/
c
c1 L2 L4 c3 c4
4T a Jr———oum
L
c o /%SRCZ c c
| sre1 +| Cos!
? Cgsl / ( $ L5
! c gmVgs1 L ¥ Be
c 1.DC ./ Cgs3 3
L1 ::c
L GND  GND GND oavoe
ggl.s
L
7
GND - L6
GND L
GND
Fig. 6 Small-signal model of the proposed LNA
Vi =Aevy (11) 3.3 Noise Analysis
_ 2
A= (LiCguis™ + 1+ Las (g1 + Cgn15)) (12) e small-signal model for noise analysis is depicted in
1 B Fig. 7. The noise analysis is done in three parts where the
Vr={Zx+ C, It + A Vr (13) " model of the first part is depicted in Fig. 8. In this model,
c the input voltages (vgz7 v;2) are transferred to the output
1 . . . ) .
B= gs + (gm1 + Ces15)Zx (14)  with the gain G2. The noise of i, must be applied where
4 —
P . the activation of g, causes parallel noise with i*;. The
Zr = Vr _X g (15) current noise calculation in the source is given as below
B
Iy 1—3 (Wang et al. 2016):

where Zx is the impedance viewed from the output which

is parallel to Cj.

JjoL, L]
joL, + M%g +joL, + Ry joCy

(16)

Vo = _(gmvn + id) X

2
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Fig. 7 Noise equivalent circuit e
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Fig. 8 Noise equivalent model of the first stage (CS part) of the proposed LNA
At the resonance fre.quency, the denominator is simpli Fo14v8y i“q (22)
fied to R; and we have: V2, 4V25Gr2n
(gve + i) 22 (8o + i) =2 here finall h
Vo = —(guVn +1i = —(gva+1i :
™ EmVn T ld R, joC, EmVn T ld RCor where finally, we have
R,  (Dg.(2R,)’ 2
(17)  p_q R, (Dgn2R)” (@ (23)
RS 4RY T
(1425 = (i) (13)
" R;Cy d R;Cy In consequence, the noise of cascode structure is
. assessed where the equivalent circuit is shown in Fig. 9.
According to wrL; = R,, we have: From this figure, we have:
Ly
20, = — id - 19 .
n ( )Rscgs ( ) Vp = (gmvn + ld)jwcgs (24)
=g guls i ] )
8mVn = TCgsRs =5 (20) (v, (joCys — 8Va) = ia) (25)
__ S 1— o —8m _ —liq —
X 2 % = = ~ — 26
%01 = Gn (sz + Vzg) + led (21)  8m¥m gm — JCl T —Jje d (26)

It is observed that only 25% of the internal noise is
transferred to the output. Thus, the total output noise is
expressed as below:

i @ Springer

Since the gain of the cascode structure is high, the noise
of M; can be ignored. Therefore, only the noise of M, is
calculated. Thus, we have:

Vn(ijgX - gmvﬂ) = —Vn (27)
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Fig. 9 Noise equivalent circuit
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Finally, the output noise of the cascode part can be
resulted as:

—8mlo . 1 .
] ————— =({1—-— ~0 31
( 1+gmro>ld ( 1+gmro)ld ( )

In the above analysis, the noise power of the cascode
structure can be neglected the same as the noise power of
M;. The noise of M; can be presented as:

VO — VO‘
% + &m1Ves + Inant (32)
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I, shows the current due to the trans-conductance of the
circuit and we have:
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Fig. 10 Gain simulation of the proposed structure
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Fig. 11 Input matching property of the proposed LNA
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Thus, the output noise of M; can be described as:

@ Springer

Therefore, the total noise of the proposed LNA due to
(26) and (39) can be sated as:
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3.4 1IP3 Analysis

In this section, linearity and IIP3 analysis is performed
using Volterra series. Considering second and third har-
monic signals of Fig. 6, we have:

gm
ds :gmvgs—i-jv +?V§S+ (41)

The large signal trans-conductance of transistor can be
calculated as:

10y (42)

Loy,
20v2 e

Gn = gn aV gs
gs

input Referred
IP3=18/599dbm
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Fig. 20 IIP3 result of post-layout of the proposed LNA
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Fig. 21 VSWR result of post-layout of the proposed LNA

In consequence, two in-band signals with equal ampli-
tude and two different frequencies are applied to the pro-
posed circuit and we have:

Ves

(ejwlt + efjwlt)
2

Vl(t) =

R @ Springer
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Fig. 22 Layout the proposed
LNA

— VXS

Vz(t) — 5 (ej(/zzr_’_e—jmzf) (43)
Then, the drain current can be stated as:
ia(t) = Gu(vi (1) +12(2)) (44)

Using (42) and (43) in (44) and after some simplifica-
tions, we finally have:

oV s . . . .

ia(1) = =55 E (& 4 eI 4 & 4 T
2
+ %ngzm st(e/‘(zwl—wz)z + e—j(2w,—w2)z
gs
+ ej(szfwl)t _|_efj(2wzf(u|)t) (45)
Thus, the power of desired signal can be presented as:
2 V2

Pmain = g'712 = RL (46)

and the power of third-harmonic signal is obtained as:

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

2
9 azgm
w3 = oq (57) VeR, (47)
gs

Using the proposed structure and PD method in the
second stage, the parameter of Pjy3 (gmj3) is reduced and
therefore, the linearity range is extended leading to the
increasing of the IIP3.

4 Results and Discussion
4.1 Simulation Results

The performance of the proposed LNA is discussed in this
section focusing on the simulated circuit. Simulation is
done with ADS software where the gain analysis simula-
tion is described by the parameter S,; depicted in Fig. 10.
As can be seen, the gain is high and almost smooth in the
desired bandwidth. Sy is presented to show the matching
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Fig. 24 Gain result of post-layout in three different temperatures (27, 80 and -40)

property of the proposed structure which is desirably less
than —10 dB as observable from Fig. 11. The stability of
the proposed LNA is tested and shown in Fig. 12 which is
higher than 1 in the designed bandwidth. The noise fig-
ure result is depicted in Fig. 13 which is lower than 3 dB.
This NF is notable in the designed bandwidth. To measure
the linearity and IIP3, two-tone test is used, where two
signals with different frequencies and equal powers are
applied while the power of the input signal is gradually
increased. Figure 14 shows the resulted IIP3 as 18.599
dBm which is desirable. Figure 15 also shows the VSWR
parameter of the proposed LNA which denotes the

matching property of the circuit. The value of VSWR is
between 1 and 1.5 which verifies the matching design
procedure.

4.2 Post-Layout Results

To verify the simulation results of the previous section,
layout of the proposed structure must be generated using
the CADENCE and the post-layout results must be com-
pared to the simulation results. Obviously, both results
must follow each other to achieve the final confirmed and
efficient circuit. The post-layout test results are done in

72, Q) Springer
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VSWR1
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Fig. 25 VSWR of post-layout result in three different temperatures (27, 80 and -40)
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Fig. 26 NF of post-layout result in three different temperatures (27, 80 and -40)

three different temperatures to obtain different operation  such as stability factor, NF, IIP3 and VSWR are also shown
modes of the proposed structure and also the robustness of  in Figs. 18, 19, 20 and 21, respectively. All figures verify
the LNA in these states. Similar to the previous section,  the related figures of the previous section as can be
firstly the gain and matching property are tested and pre-  compared.

sented in Figs. 16 and 17, respectively. As can be seen

from these figures and comparing with the related fig-

ures of the previous section, the results verify each other in

both sections. In addition, the corresponding parameters

2
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4.3 Power Consumption

Power consumption is one of the main properties of each
LNA. In the proposed circuit, the current drawn from the
voltage source of 1.2 V is equal to 12.9 mA, which leads to
the power loss of 15.5 mW. This power consumption is
acceptable to achieve the linearity range extension com-
pared to other efficient structures in the literature (com-
parison table is presented in the next section).

-15

-15

input Referred IP3=18/148 dBm

—&—1db/db 3db/db

/,/r.’h/‘/‘/

vay

-10 10 15 20

input Referred IP3=18/599 dBm

—a—1db/db 3db/db

-10 5 O 10 15 20

4.4 Post-Layout Results in Temperature Analysis

The final layout structure of the proposed LNA is shown in
Fig. 22 which can be fabricated in 180-nm technology. In
the consequence, the temperature analysis of the post-lay-
out circuit is done to show the performance of the proposed
structure in different temperature conditions.

For temperature analysis, three different temperatures as
27, 80 and -40 (degree-Celsius) are investigated in the
CADENCE environment where the performance results are
assessed. This analysis shows the design stability in

72, Q) Springer



1850

Iranian Journal of Science and Technology, Transactions of Electrical Engineering (2025) 49:1837-1852

1IP3

—— 1rd order freq=6.85G

—&— 3rd order freq=6.83G

50

-50

(DB)

-100

-150

-200

-20

Fig. 29 IIP3 property of post-layout result in the temperature 80

Table 2 Comparison of the proposed LNA with other efficient works

-15

input Referred IP3=18/619 dBm

1db/db

-:10 5 0 5 10 15 20

Technology FOM Power S 11P3 NF Sx1 BW Reference

pm mW dB dBm dB dB GHz

0.18 11.12 15.5 -13.35 18.59 24-2.8 11.125 3.1-10.6 Proposed work

0.15 2.8 96 10- 12.1 1.9-24 20 27-35 Yousef et al. 2014)

0.18 7.36 8.96 -18.3 7.36 2.17-34 13-17.5 0.8-1.2 Seng-Woon and Maas 2009)

0.32 1.74 8.05 7.5- -10 2.8 22.8 3.1-10.6 Yaghouti and Yavandhasani
2021a)

0.09 5.35 11.2 10- 13.8 1.8-4 12.6 0.1-7 Li, et al. 2020)

0.65 2.78 16 8.7- -5.7 3 15.6 3-10 Pandey and Singh 2015)

0.18 332 1.3 -9 -1 35 12.25 5 Guo et al. 2017)

0.18 4.69 28.44 -10.7 20 2.4 9.34 5.8 Yaghouti and Yavandhasani
2021b)

0.18 3.07 6 10- 3.84 2.5-4 0.5+ 10.8 3.1-10.6 Singh et al. 2018)

0.13 3.12 10.6 -20 12.6 5.8 12.6 1.6-9.7 Rafati et al. 2019)

0.18 3.76 11 -11 -4 3.34-4.62 13.58 3-12 Reddy and Sravani 2017)

0.18 4.2 3.8 -8.5 -10.5 3.6 9 2.8-7.5 Daryabari et al. 2019¢)

different temperature conditions. Figure 23 shows the input
matching property in term of the temperature analysis
which denotes the notable performance of matching of the
proposed LNA in all temperatures. Similar analysis is done
for other parameters such as gain, VSWR and NF in
Figs. 24, 25 and 26, respectively. Moreover, the analysis of
the linearity (IIP3) is accurately performed in different
temperatures which are shown in Figs. 27, 28 and 29 for

2
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temperatures -40, 27 and 80, respectively. Because of
design focus on the linearity improvement, three figures are
separated for three temperatures. As can be seen form these
figures, due to the proper designed structure, the perfor-
mance of the proposed LNA is not degraded in different
temperatures where it maintains the desirable performance
in different conditions.
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As the final assessment, the comparison of the proposed
LNA with other efficient LNA structures in the literature is
described in Table 2. As can be understood from this table,
different quality parameters such as bandwidth, matching,
NF and IIP3 are compared where the global parameter as
figure of merit (FOM) is also mentioned which is defined
as (Benqing Guo and Xiaoleili 2013; Luo et al. 2019; Lin
et al. 2022):

GAIN(dB) e IIP3

FOM =
(NF — 1)POWER (mw)

(48)

From this table, the notable performance of the proposed
structure in terms of NF and IIP3 can be observed. Thus,
the proposed design is efficient to be applied in the wireless
communication receivers.

5 Conclusion

The proposed LNA of this paper has notable properties
based on power derivative method and cascode structure.
The main focus of the design is on the linearity extension
as the IIP3 is achieved as 18.599 dBm. NF is 2.6 dB which
is desirable in the bandwidth of 3.1-10.6 GHz. In addition,
these improvements are obtained with power consumption
of 15.5 mW which is desirably low and suitable for wire-
less communication receivers. Moreover, the final size of
the structure is small enough to be integrated in high-
technology circuits.

For future works, an efficient LNA in other frequencies
can be considered where other parameters such as lower
power consumption and higher gain can be mainly focused.
In addition, other scalings such as 130-nm technology can
be presented and tested to achieve more efficient LNA.
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