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Abstract
The wireless communication in the next generation is bound to be driven by massive machine-type communication or in 
other words Internet-of-things (IoT). In the near future, the need for effective communication and higher data processing 
rates will require IoT devices to support 5G networks. For 5G IoT applications in the ultra-wideband range (3.1–10.6 GHz), 
the analog receivers must provide both high-performance and energy efficiency simultaneously. This work addresses the 
demands of 5G IoT analog receivers by proposing an ultra-low-power low noise amplifier (LNA) employing cross-coupled 
positive shunt feedback. The proposed LNA is designed in UMC 180 nm deep n-well process, and the post-layout char-
acterization is done using Cadence SpectreRF. The proposed design achieves a peak gain of 9.94 dB and a noise figure 
of 3.2–1.086 dB along the usable bandwidth of 3.2–9.625 GHz while consuming an ultra-low-power of 493 µW from a 
1-V power supply. The maximum input-referred third-order intercept point of 8.81 dBm is attained for an input signal at 
2.4 GHz and the interferer as close as 2.425 GHz. The LNA consumes a minimal layout area of only 676.2 µm × 350.7 µm. 
The proposed LNA has the better figure-of-merit while consuming almost 50% less power than the recently reported 
sub-mW LNA in literature.
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1 Introduction

The current wireless technology era is in a transit zone 
between 3G/4G and 5G wireless communication as 
shown in Fig. 1. The 5G telecommunication environment is 
expected to roll out in 2020 and expected to reach 1 billion 
users by 2023 [1]. The Federal Communications Commis-
sion (FCC) and International Telecommunications Union 
(ITU) have allocated sub-6 GHz and mm-wave frequency 
bands for 5G mobile communication [2–6]. The sub-6 GHz 
bands include 600–700 MHz band and 3–6 GHz band with 
a channel bandwidth of 100 MHz. The mm-wave frequency 
band includes 24–80 GHz with a channel bandwidth of 
400  MHz. The higher bandwidths will provide higher 
data rates and communication of massive datum within 
seconds as speeds are expected to exceed 10 Gbps [1]. 
One of the significant applications of 5G networks is the 

massive machine-type communication or in other words, 
Internet-of-Things (IoT). With 5G IoT applications, the com-
munication industry is moving toward a global network-
ing platform. To name a few benefits, 5G can enable bet-
ter healthcare monitoring, radar-based automotive traffic 
navigation, and seamless high data rate video streaming. 
Over-the-air (OTA) testing has already commenced, and 
encouraging results have been obtained [7–10]. One of 
the critical roadblocks of 5G IoT applications is the receiver 
(RX) performance in highly congested 0.1–10 GHz fre-
quency band. A simplified RX model is shown in Fig. 2 
consisting of front-end (FE), down-conversion receiver, 
and data conversion circuits.

In this work, the focus is on the first stage of the receiver 
chain–the Low Noise Amplifier (LNA). The requirements 
of the LNA in 5G IoT applications include low noise figure, 
moderate gain, high linearity, low power consumption, 
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and low chip area. The ultra-wideband (UWB) frequency 
range from 3 to 10 GHz is well suited for enabling 5G 
speeds in IoT applications. Also, the power consumption 
of the LNA must be reduced without sacrificing the critical 
performance of noise figure and linearity. The bandwidth 
extension techniques of CMOS LNAs have been exten-
sively studied in [11–16]. The common UWB design tech-
niques include shunt peaking [11], series peaking [12], and 
staggered series peaking [14]. Recently, pole-converging 
intrastage bandwidth extension technique is reported 
in [16]. The common-gate (CG) based LNAs, and resistive 
load based LNAs are also ideal candidates for wideband 
LNA designs. Some of the recently proposed UWB LNA 
designs are reported in [17–30]. Cross-coupled and body 
driven techniques are exploited in [17], for operating at a 
reduced supply voltage, current reuse and forward body 
bias techniques are used in [18]. In [19], second-order 
intermodulation (IM2) cancellation technique is proposed 
along with dual-loop feedback for stabilising the insertion 
loss (S11). Active inductor based input matching network 
is proposed in [20], linearity improved gm-boosted LNA 
is reported in [21], and a linear LNA with less than 2 dB 
NF is reported in [22]. Dual-resonance network for UWB 
applications is proposed in [23, 24], a two-stage LNA with 
resistive feedback and on-chip inductors for frequency 
response improvements is employed. An LNA with dou-
ble gm-boosting and positive feedback is reported in [25], 
and an LNA with built-in self-test (BIST) for strong immu-
nity to interferers is reported in [26]. Noise-cancelling LNA 
topologies with current reuse techniques is reported in 
[27, 28]. Recently, in [29], peaking inductors between the 
stages of the cascade LNA is used for wideband perfor-
mance, and in [30] linearity improvement for UWB LNA 

with post-distortion technique is proposed. The high volt-
age gains reported in [25–28] will cause dynamic range 
reduction due to blocker effect, and the receiver output 
will be distorted resulting in lossy demodulation.

Most of the IoT applications are powered by batteries 
and are targeted to operate for at least 2–3 years. With 
5G networks, the IoT and mobile devices are expected to 
process gigabytes of data every second leading to faster 
battery drain. Hence, energy-efficient circuits are the need 
of the hour. Some of the LNA designs concentrating on low 
power technology are reported in [31–41]. Two LNAs each 
operating with 0.4 mW ultra-low-power is reported in [31, 
32]. In [31], inductive gm-boosting is employed whereas 
in [32], double gm-enhancement and feed-forward noise 
cancellation (FFNC) is employed respectively. The LNAs in 
[31, 32] provide an NF greater than 4 dB. In [33], resistive 
shunt feedback and series inductive peaking in the feed-
back loop is proposed. Short channel output conductance 
enhancement through body effect and negative feed-
back with current reuse is employed to design low power 
LNAs in [1, 36, 37] respectively. Another 0.4 mW LNA with 
tunable active shunt feedback is proposed in [38] with a 
slightly higher NF of 4.9 dB when compared to [31, 32]. 
With the evolution of technology and innovation, sub-
mW LNAs with improved NF and linearity performances 
are recently reported in [39–41]. A novel shunt feedback 
with capacitive cross-coupling, wideband gm-enhance-
ment by push–pull structure and inductors in combina-
tion with digitally controlled capacitors are employed in 
[39–41] respectively.

Though proper gains are achievable with low power 
LNA circuits, NF and linearity are compromised. In the 
sub-6  GHz and UWB frequency range, multi-standard 

Fig. 1  The evolution of mobile communication. Timeline of the mobile generations

Fig. 2  Simplified RX model [1]
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applications overlap the bands, thus making the receiver 
operation prone to harmonic distortion, cross-modulation, 
and intermodulation distortion. Further improvement in 
NF and IIP3 performances of the low power LNAs reported 
in [31–41] will be beneficial for 5G applications in these 
frequency bands of interest. Some of the high linear LNA 
topologies reported in the literature can be found in 
[42–47]. The various linearization techniques existing thus 
far has been summarized in [48]. In [42], current-to-voltage 
combiner is proposed, and in [43], active cross-coupled 
feedback is used in CG amplifier. In [44] negative feedback 
is used to improve linearity. In [45], CG LNA with a differ-
ential active inductor is employed for linearity enhance-
ment, in [46], the pre-distortion technique is proposed 
to improve the linearity of CG LNA. Active feedback with 
complementary source followers is used in [47] to improve 
the linearity.

From the circuits reported in the literature [31–47], it 
is clear that low power consumption and other circuit 
performance parameters such as NF and IIP3 do not go 
hand-in-hand. Therefore, there is a challenge of process-
ing gigabits of data in low power consumption without 
compromising linearity. Hence, the radio frequency (RF) 
circuits must address the challenge of simultaneous low 
power and high-linearity required by the next-generation 
5G communication devices. This work provides a solu-
tion for the low power and high-performance challenges 
posed by 5G IoT devices by proposing an ultra-low-power 
LNA. The designed LNA uses cross-coupled positive shunt 
feedback to provide noise and distortion cancellation. It 
will be shown that the proposed LNA provides the best 
linearity and NF product per mW of power consumption 
reported in the literature.

The topology of the proposed LNA is described in the 
Sect. 2. The expression for gain is derived in the Sect. 2 
along with high-frequency analysis for identifying the 
poles and zeros. The equations for NF and linearity are 
derived, and their significance is discussed in the Sects. 
3 and 4 respectively. The performance characterization of 
the proposed LNA is elaborated in the Sect. 5. The LNA’s 
performance parameters are also characterized for corner, 
voltage, and temperature (CVT) variations. The impact of 
process and device mismatches on the proposed LNA is 
also studied through Monte-Carlo analyses. The Sect. 6 
concludes the work by highlighting the prowess of the 
proposed LNA for 5G IoT applications.

2  Proposed low noise amplifier topology

Feedback techniques have been used in LNA design and 
have been reported in the literature. Some of the promi-
nent LNA topologies with feedback techniques can be 

found in [37, 38, 47, 49–54]. The LNA feedback techniques 
include negative feedback [37], active shunt feedback [38, 
47, 49, 51], resistive feedback [50], multiple feedback loops 
[52], positive feedback [53], and double feedback [54]. In 
this work, a cross-coupled positive active shunt feedback 
(CC-PSFB) LNA is proposed.

The schematic of the proposed low power LNA is shown 
in Fig. 3. The transistors M1 and M3 are the input CG tran-
sistors. Transistors M1,3 sense the input RF signal current 
at the source terminals. The DC bias for the source ter-
minals are provided by the two current sources, Mf1 and 
Mf2 . The two current sources also provide amplification in 
the feedback path of the proposed LNA. The transistors 
M2 and M4 are the cascode common gate transistors. The 
main function of the transistors M2,4 is to control the cur-
rent consumed by the LNA and also to provide high output 
resistance to boost the gain of the LNA. In the proposed 
design, inductor L provides the load impedance. The para-
sitic resistance of the inductors enable the shunt peaking 
characteristic of the inductive impedance for bandwidth 
enhancement [12, 14, 15].

The frequency response characteristic of the proposed 
LNA is analysed as follows. The equivalent half-circuit of the 
proposed LNA in Fig. 4a shows a CG based cascode amplifier 

Fig. 3  Schematic of the proposed LNA
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without feedback. The total gain from vin to vout can then be 
expressed as

where v1 and v2 are the voltages at the source node of tran-
sistors M1 and M2 shown in the equivalent half-circuit of 
Fig. 3 in Fig. 4a. From the equivalent half-circuit and Eq. (1), 
it can be seen that the signal flows through a cascade of 
two CG amplifiers. Therefore, the gain equations can be 
derived as follows.

where, the feedback loop gain is derived as by

where, gm1 , gm2 are the transconductance due to the gate 
to source voltages of transistors M1 and M2 respectively. 

(1)Av =
v1

vin
⋅

v2

v1
⋅

vout

v2

(2)Av ≈

(
gm,M1,3 + gmb,M1,3

)

1 +
(
gm,M1,3 + gmb,M1,3

)
ro,Mf1

⋅ (ZL||Rdown)

(3)

Rdown ≈
(
gm,M2,4 + gmb,M2,4

)
⋅ ro2,4

⋅

[(
gm,M1,3 + gmb,M1,3

)
⋅ ro1,3 ⋅ roMf1,Mf2

]

(4)Aloop≈

(
1 + g2

m,Mf1,2
(ZL||Rdown)2

)

gmb1 , gmb2 are the transconductance due to the bulk to 
source voltages of transistors M1 and M2 respectively. RM1 
and RM2 are the resistances seen from the drain of transis-
tors M1 and M2 respectively and can be expressed as,

In (5) and (6), ro1 and ro2 are the output resistances of 
transistors M1 and M2 . Taking into account the large values 
of RM1 and RM2 , the expression for gain with feedback can 
be deduced as

where ZL is the impedance seen at the output. The 
s-domain analysis for the frequency response of the pro-
posed LNA is as follows. Including the parasitic resistance 
of the inductor (L), the impedance can be calculated from 
the equivalent circuit shown in Fig. 5 as follows.

where C includes the gate to drain capacitance ( Cgd2 ) and 
drain to bulk capacitance ( Cdb2 ) of transistor M2 . Thus,

Therefore,

From (11), the gain Av has a zero and two poles. The pres-
ence of Zero in the proposed LNA helps in bandwidth 
extension to serve the required high data rates. The first 
pole is at the frequency of resonance obtained due to the 
inductor (L) and the parasitic capacitance (C) . The location 
of the second pole is derived using time constant analy-
sis as follows. The expression for the second pole can be 
given as

where �1 and �2 are the time constants associated with 
the source node and drain node of the input transistor M1 
respectively. The time-constants (TC) are analysed using 
the equivalent circuits shown in Fig. 6 as the following.

(5)RM1 ≈ gm1ro1rof

(6)RM2 ≈ gm2ro2RM1

(7)Av,fb ≈ Av ⋅

(
1 + g2

m,Mf1,2
(ZL||Rdown)2

)

(8)ZL = (R + j�L)||(j�C)

(9)C = Cgd2 + Cdb2

(10)ZL =
R + j�L

1 + j�RC − �2LC

(11)

Av(j�) =

(
gm,M1,3 + gmb,M1,3

)

1 +
(
gm,M1,3 + gmb,M1,3

)
ro,Mf1

⋅

R + j�L

1 + j�RC − �2LC

(12)�H ≈
1

�1 + �2

Fig. 4  a Equivalent half-circuit of the proposed LNA b Equivalent 
circuit for noise calculation
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Fig. 5  The equivalent circuit for frequency response analysis. a Parasitic capacitors at the output node. b Parasitic resistance of the inductor 
and equivalent capacitance. c Equivalent circuit for calculating the output impedance

Fig. 6  Equivalent circuits for time-constant analysis. a TC associated with the source node of M1 ( �1 ). b TC associated with the drain node of 
M1 ( �2)
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where Cgs1 and Cgs2 are the gate to source capacitance of 
transistors M1 and M2 , Csb1 and Csb2 are the source to bulk 
capacitance of transistors M1 and M2 , Cgd1 and Cgd,f1 are the 
gate to drain capacitance of transistors M1 and Mf1 , Cdb1 
and Cdb,f1 are the drain to bulk capacitance of transistors 
M1 and Mf1 , gm,f1 and ro,f1 are the transconductance and 
output resistance of the transistor Mf1.From (13), and (14), 
it can be seen that the time constants are predominantly 
dependent on the transconductance of the transistors M1 
and M2 . The analysis for noise contribution is carried out 
in the next section.

3  Noise analysis

The equivalent half-circuit with noise contributing sources 
is shown in Fig. 4b. For the analysis, flicker noise and ther-
mal noise contributed by the MOS devices are included. 
Based on the equivalent circuit, the output noise ( ̂V2

o,n
 ) 

contribution by the proposed LNA can be given as

where,

where V̂2
o,M1

 is the noise contributed by the input transistor 

M1 , V̂
2
o,M2

 is the noise contributed by the cascode transistor 

M2 , V̂
2
o,f1

 is the noise contributed by the current source Mf1 , 
k is Boltzmann’s constant, T is the temperature in Kelvin, 
kf  is flicker noise coefficient, �f  is technology parameter, ID 
is the current through the transistor, Cox is the gate-oxide 
capacitance, W  is the width of the transistor, and L is the 

(13)

�1 ≈

(
Cdb,f1 + Cgs1 + Csb1 + Cgd,f1

(
1 +

1

gm,f1.ro,f1

))
⋅

1(
gm1 + gmb1

)

(14)�2 ≈
(
Cgs2 + Csb2 + Cgd1 + Cdb1

)
⋅

1(
gm2 + gmb2

)

(15)V̂2
o,n

= V̂2
o,M1

+
V̂2
o,M2

a2
v,M1

+ V̂2
o,f1

(16)V̂2
o,M1

=

(
8kT

3
gm1 +

kf ⋅ I
�f
D

C2
ox
WL

)
⋅ R2

out

(17)V̂2
o,M2

=

(
8kT

3
gm2 +

kf ⋅ I
�f
D

C2
ox
WL

)
⋅ R2

out

(18)V̂2
o,f1

=

(
8kT

3
gm,f1 +

kf ⋅ I
�f
D

C2
ox
WL

)
⋅ R2

out

length of the transistor. In (16), (17), and (18), the equa-
tions are based on the flicker noise models reported in 
[55, 56] and the thermal noise models reported in [57–59]. 
As seen in (15), the cascode transistor’s output noise con-
tribution is divided by the gain of the input transistor M1 . 
However, the noise contribution of all sources are included 
in (15) for clarity. In this work, the two major contributor 
of noise in MOS devices, flicker noise, and thermal noise 
are analysed in deriving an expression for input-referred 
noise factor ( ̂V2

i,n
 ). Thus, the expression for V̂2

i,n
 can then be 

given as

In (19), the expression for Av is given by (7). From (7), (16), 
and (19) we can say that the transconductance of transis-
tor M1 plays a critical role in achieving gain, minimum NF 
and also matching. The linearity analysis of the proposed 
LNA is presented in the next section which will describe 
the dominating parameters that contribute to the linearity 
characteristics of the proposed LNA. The proper biasing of 
the transistor M1 for gain and NF is discussed in the Sect. 5.

4  Distortion analysis

The chief contributor of distortion in CMOS based RF cir-
cuits is the nonlinear saturation current characteristics of 
the devices. Since most of the devices are operated in the 
saturation region, nonlinearity is inevitable. Expanding the 
output drain current of a MOS device as a function of its 
input gate to source voltage in Taylor series as

where

For an input signal ( vin ) with one frequency component 
expressed as A1 cos

(
�1t

)
 with amplitude A1 and frequency 

in radians �1 , the expansion in (20) yields higher-order 
frequency components at ±n�1 . This generation of har-
monic components as an integer multiple of ‘n’ is termed 
as harmonic distortion (HD). Generally, in the sub-6 GHz 
frequency bands, multi-standard applications overlap the 
communication channels of each other. Hence, the receiv-
ers operating in the crowded sub-6 GHz bands usually 
encounter more than a single tone at the input. A two-
tone input can be defined as

(19)V̂2
i,n

=
V̂2
o,n

A2
v,fb

(20)iout = g1
m
vin + g2

m
v2
in
+ g3

m
v3
in
+⋯ + gn

m
vn
in

(21)gn
m
=

1

n!
⋅

�n

�vn
in

(
iout

)

(22)vin = A1 cos
(
�1t

)
+ A2 cos

(
�2t

)
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Substituting (22) in (20) yields second-order frequency 
content at �1 ± �2 and third-order frequency content at 
2�1 ± �2 and 2�2 ± �1 . The higher-order frequency com-
ponents up to the third-order are of critical importance in 
RF circuits and hence, this work restricts to third-order non-
linearity characteristics. In (22), when �1 and �2 are spaced 
close to each other as is the case generally, second-order 
and third-order components described above appear close 
to the fundamentals �1 and �2 . Any nth—order frequency 
component grows n—times faster than the fundamental 
and causes the compression of the entire system resulting 
in distortion. Since this type of distortion is arising due to 
the inter-mixing of fundamental harmonic components, it 
is termed as intermodulation distortion (IMD). IMD is the 
major nonlinearity characteristic in RF systems since in 
densely operated frequency bands, more number of tones 
may be present at the input which will cause further degra-
dation of the linear output signal. The nonlinear behaviour 
of the MOS devices and their application in RFIC design has 
been extensively analysed in the literature [60–73].

The nonlinearity in RF circuits such as LNA is charac-
terised by the second-order intercept point (IP2) and the 
third-order intercept point (IP3). The nonlinear current in 
(20) can be further expressed as a function of the transcon-
ductance due to the source to bulk potential difference as,

where

Thus, from (23) and (24), the expression for IP2 and IP3 
can be derived as

Ideally, the IP2 in differential systems tend to be infinite, 
but because of the unintended process and device mis-
matches, the IP2 is restricted to a finite value. To leverage 
the second-order performance of the differential circuits, 
the proposed LNA is designed in a differential setup. Many 
circuit techniques have been developed to improve the 
IP3 points in literature and have been summarized in [48]. 
In this work, body biasing is employed to the input CG 
transconductor for improving the linearity performance 

(23)

iout =
(
g1
m
+ g1

mb

)
vin +

(
g2
m
+ g2

mb

)
v2
in

+

(
g3
m
+ g3

mb

)
v3
in
+⋯ +

(
gn
m
+ gn

mb

)
vn
in

(24)gn
mb

=
1

n!
⋅

�n

�vn
sb

(
iout

)

(25)IP2 =
|||||

g1
m
+ g1

mb

g2
m
+ g2

mb

|||||

(26)IP3 =

√√√√4

3
⋅

|||||

(
g1
m
+ g1

mb

)

(
g3
m
+ g3

mb

)
|||||

of the LNA. Exploiting the diverse characteristics of gm and 
gmb , the denominator in (26) can be made zero ideally or 
reduced to suppress the third-order nonlinearities in the 
circuit. Based on (26), it is clear that the proper biasing point 
must be chosen to maximize IP3. The variation of gm and 
g3
m

 with gate voltage is shown in Fig. 7, and the variation 
of IIP3 with a bulk voltage applied to M1 is shown in Fig. 8, 
from which ideal biasing point (VG, M1 and V body,M1) of 
the input transistor can be obtained for the best linearity 
performance of the proposed LNA.

High-frequency effects due to the gate to drain capaci-
tance ( Cgd ) and the gate to source capacitance ( Cgs ) 
also cause nonlinearities in the circuit and degrade the 
IP3 [68]. However, these effects are absent in CG based 

Fig. 7  Variation of gm and g3
m

 with gate voltage of transistor M1

Fig. 8  Variation of IIP3 with bulk voltage applied to transistor M1
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transconductors since the gate is at AC ground. Hence, in 
the proposed design, the high-frequency nonlinearities 
are also reduced. In deep-submicron devices, the effects 
of mobility degradation, velocity saturation, and drain to 
source series resistance should also be considered. The 
drain to source current ( Ids ) can then be given from [69] as,

where, �0 . is the mobility factor, Cox . is the gate oxide capac-
itance per unit area, � is the sub-threshold factor, � is the 
channel length modulation factor, X  is expressed in [69] as

�t is the thermal voltage whose value is kT/q. � models 
the combined mobility degradation and velocity satura-
tion effects [63] and expressed as,

� is the mobility-reduction coefficient, and �sat is the satu-
ration velocity.

Then, the input-referred third-order intercept point 
(IIP3) is derived in [69] regarding voltage (V) as

where,

From (30), it can be seen that mobility degradation and 
velocity saturation plays a vital role in the linearity per-
formance of deep-submicron RF circuits such as LNA. 
From (31), IIP3 in short channel devices can be improved 
by operating the device in the subthreshold region. The 
performance of the proposed LNA is characterized in the 
next section for gain, NF and IIP3. The performance param-
eters are also analysed for CVT variations, and process and 
device mismatch variations for characterizing the robust-
ness of the proposed design for 5G IoT applications.

5  Results and discussion

For efficient functioning of the receiver in a 5G environ-
ment, new CMOS technologies must be developed to 
compete with Bi-CMOS technologies for providing low-
cost 5G network to the billions of users worldwide. The 

(27)Ids =
�0Cox

2�
⋅

W

L
⋅

X2

1 + �X
⋅

(
1 + �Vds

)

(28)X = 2��t ln

(
1 + e

(VGS−Vth)

(2��t )

)

(29)� = � +
�0

2��satL

(30)V2
IIP3

=
64

(
��t

)2
(� + 1)2(1 + �X )X

24
(
��t

)2
�2� − 12��t�(1 + �X )3 + X (� − 1)(2 + �X )(1 + �X )2

(31)� = e
(VGS−Vth)

2��t

proposed cross-coupled positive shunt feedback LNA is 
designed in standard 180 nm CMOS process technology 
from UMC. This section provides the post-layout simula-
tion results of the designed RF LNA circuit. The RF charac-
terization is performed using industry-standard SpectreRF 
circuit simulator from Cadence. The gain (S21) and noise 
contribution (NF) of the proposed LNA is analysed using 
S-parameter analysis and the performance variation with 
frequency is shown in Fig. 9. From Fig. 9, it can be seen that 
the designed LNA has two modes of operation. From Fig. 9, 
in Mode-I (high linear mode), the usable signal bandwidth 
is 3.2–9.625 GHz whereas in Mode-II (high gain mode), the 
usable signal bandwidth is 3.1–10.6 GHz.

The LNA achieves a peak gain of 9.94 dB and minimum 
NF of 1.086 dB in Mode-I. The proposed LNA provides the 
best noise performance when compared with the LNAs 
reported in [22–34, 36–47]. The linearity performance of 
the LNA is characterized using a two-tone test. For com-
petent characterization, the power of the interferer was 
chosen as same as the power of the desired signal. The 
harmonic balance (hb) analysis is used for measuring IIP3 
in Cadence SpectreRF. IIP3 values are analysed for a signal 
frequency of 2.4 GHz.

The IIP3 values obtained inoth the modes are shown 
in Fig. 10 and it can be seen that the IIP3 in Mode-I is 

almost 6 dB higher than the IIP3 in Mode-II. The gain 
and IIP3 dependence on Gm,M1 is derived in (11) and (26). 

Fig. 9  Variation of gain and NF with frequency
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To validate the correctness of (11) and (26), variation of 
gain and IIP3 with input CG transconductor gate volt-
age ( VG,M1 ) is shown in Fig. 11. It can be seen that the 
gain saturates but the IIP3 falls in Fig. 11, which is attrib-
uted to the variation of ( Gm,M1 ) with respect to VG,M1 as 
shown in Fig. 12. In Fig. 12, Gm,Mn = gm,Mn + gmb,Mn The IIP3 
point is dependent on the frequency spacing ( Δ� ) of the 
interferer with respect to the carrier [74]. For 5G applica-
tions, channel bandwidth is expected to be 100 MHz in 
sub-6 GHz applications. However, since the UWB range 
overlaps other existing standards, the IIP3 response of 
the proposed LNA is analysed for frequency spacing 
ranging from 2.5 to 100 MHz. Figure 13 shows the IIP3 

variation with Δ� . for both Mode-I and Mode-II. To aid in 
the design of the proposed LNA, the variation of gm∕Id . 
for transistors M1 and M2 is plotted as a function of VG,M1 
in Fig. 14. The LNA consumes only 493.6 µA current from 
a 1-V supply.

The designed RF circuit is proposed to be employed in 
5G IoT receivers. Hence, it is imperative that the designed 
LNA must be analysed for dependable, reliable, and robust 
performance when operated in adverse conditions. There-
fore, the designed LNA circuit is characterized by different 
process corners, varying temperatures, and varying supply 
voltage conditions. The process corner includes fast–fast 

Fig. 10  IIP3 measured using hb and hbac analysis

Fig. 11  Variation of gain and IIP3 with gate voltage of transistor M1

Fig. 12  The effective transconductance of transistors M1 and M2 
versus gate voltage of M1

Fig. 13  Variation of IIP3 versus frequency spacing ( Δ�)
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(FF), fast-NMOS—slow-PMOS (FNSP), slow-NMOS—fast-
PMOS (SNFP), slow–slow (SS) corners for analysis and the 
results for S21 and NF are shown in Figs. 15 and 16.

For temperature variation, the temperature corners 
defined by the technology supplier was chosen. The tem-
peratures included − 40 °C, 0 °C, and 125 °C. The perfor-
mance of S21 and NF at varying temperatures are shown 
in Figs. 17 and 18. To account for the supply voltage varia-
tion, ± 100 mV is chosen from the nominal supply voltage 
of 1-V. The performance of S21 and NF with varying supply 
voltage is plotted in Figs. 19 and 20. The CVT analysis for 
IIP3 is listed in Table 1.

To account for the mismatches that occur during the sili-
con fabrication process, process and device mismatch analy-
sis are also performed using Monte-Carlo (MC) simulations. 
The MC simulation results are shown in Figs. 21, 22 and 23. 
For MC simulations, maximum parameter deviation ( 3� ) was 
chosen. The performance of gain, NF and IIP3 was analysed 
for 100 iterations (N = 100) of random parameter variation. 
The MC results show the mean ( � ) and standard deviation 
( � ) from the mean values. The random samples are fitted 
in a normal distribution curve. It can be seen from the CVT 
variation analyses and MC simulations that the performance 

Fig. 14  Variation of gm∕Id with gate voltage of transistor M1

Fig. 15  Gain variation with process corners

Fig. 16  NF variation with process corners

Fig. 17  Gain variation with operating temperature
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variation is within the standard limits. Thus, it can be con-
cluded that the proposed LNA circuit provides reliable, and 
robust performance for 5G IoT applications even in ultra-low 
power operating conditions. Since feedback is employed 
in the proposed design, the stability of the LNA is critical. 
Therefore, the stability factor ( K  ) is evaluated along with 
input matching ( S11 ) in Fig. 24. From Fig. 24, it can be seen 
that the proposed design provides proper input matching 
and stability in the frequency range of interest.

The proposed LNA is compared with some of the 
recently reported LNA topologies in Table  2. From 

Table 2, it can be seen that the proposed cross-coupled 
positive shunt feedback LNA offers the best figure-of-
merit (FoM) when compared to the recently reported 
LNA topologies.

The following equation is used for calculating FoM for 
comparison:

Since the proposed LNA consumes ultra-low power, the 
performance of the proposed LNA is explicitly compared 
with ultra-low power LNA topologies reported in the litera-
ture in Table 3. It can be seen that the proposed LNA con-
sumes slightly more power than the topologies reported 
in [31, 32, 36, 38, 41] but provides better linearity and NF 
performance when compared to other ultra-low-power 
topologies reported in the literature. The proposed LNA 
consumes almost 50% less power than the recently pro-
posed sub-mW LNA designs reported in [39, 40].

The physical chip layout is shown in Fig. 25. The core area 
of the proposed cross-coupled positive shunt feedback LNA 
is only 0.23 mm2. The component values used in the design of 
the proposed LNA is listed in Table 4. The inductor ( L1,2 ) pro-
vided by UMC is used in the design with a width of 10 μm and 
the number of turns ( n ) equal to 2.5. Although the proposed 
LNA has good performance in gain, NF and IIP3, the presence 
of inductors makes the LNA unsuited for dense packaging 
environments like smart watches or healthcare monitoring 
equipment. The inductors increase the electromagnetic inter-
ference in the chip, and therefore, the proposed LNA may be 
limited to IoT applications other than smart wearables.

(32)FoM = 10 ⋅ log10
10Gain∕20 ⋅ 10IIP3∕20

10NF∕10 ⋅ P

Fig. 18  NF variation with temperature

Fig. 19  Gain variation with supply voltage

Fig. 20  NF variation with supply voltage
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6  Conclusion

An ultra-low-power LNA is proposed in this paper for 
operation in 5G IoT applications. The designed cross-
coupled positive shunt feedback circuit provides good 
gain, low noise, and high linearity simultaneously with 

ultra-low power consumption to cater to the demands of 
the next-generation high-speed, energy-efficient com-
munication devices. The proposed LNA achieves the best 
FoM for LNA with sub-500 μW power consumption. The 
proposed LNA also achieves the best performance when 
compared to the latest LNA architectures reported in the 
literature. The high linearity of 8.81 dBm achieved by the 
LNA will aid in the linearity performance of the receiver 
chain. The LNA achieves a low NF of 3.2–1.086 dB in the 

Table 1  Linearity performance 
of the proposed LNA with CVT 
variations

Corners Temperature Voltage

Parameters FF FNSP SNFP SS − 40 °C 0 °C 125 °C 0.9 V 1.1 V
IIP3 (dBm) − 0.85 − 2.85 − 4.72 − 4.59 − 6.02 − 3.08 − 0.28 − 0.73 − 0.81

Fig. 21  Process and device mismatch analysis for gain variation

Fig. 22  Process and device mismatch analysis for NF variation

Fig. 23  Process and device mismatch analysis for IIP3 variation

Fig. 24  Input matching and stability performance of the LNA
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UWB range of 3.2–9.625 GHz which will improve the sig-
nal to noise performance of the receivers. The ultra-low-
power of 493 μW enables next-generation devices to be 
designed with energy-efficient SoC for processing giga-
bytes of data without a drastic drain in battery life. From 

Table 2  Comparison of the 
proposed LNA with recently 
reported literature

This work [22] [27] [28] [29] [30] [46] [47]

Year 2018 2017 2018 2018 2018 2018 2017 2018
Meas./PLS PLS PLS PLS PLS PLS PLS PLS Sim.
Tech (nm) 180 180 180 180 180 65 180 180
Gain (dB) 9.94 20.1 20.2 20.24 11.13 13.7 18.55 14.6
NF (min.) (dB) 1.08 2.04 2.37 1.72 2.19 3 2.63 2.9
IIP3 (dBm) 8.81 6 − 2.1 − 5.5 0.96 11.9 11 1.2
Power (mW) 0.493 3.06 6 23.23 5.4 16.5 4.15 14.8
Area  (mm2) 0.23 0.055 0.026 0.66 0.116 0.113 0.032 0.27
FoM 11.36 6.15 − 1.10 − 8.01 − 3.46 − 2.37 5.96 − 1.30

Table 3  Comparison of 
proposed LNA with low power 
LNA architectures

This work [33] [36] [37] [38] [39] [40] [41]

Year 2018 2014 2015 2016 2016 2018 2018 2018
Meas./PLS PLS Meas. Meas. PLS Meas. PLS Meas. Meas.
Tech. (nm) 180 90 130 180 130 180 65 110
Gain (dB) 9.94 12.6 14 20.1 12.3 16.5 21.2 14.8
NF (min.) (dB) 1.086 5.5 4 3.2 4.9 2.8 3 3.7
IIP3 (dBm) 8.81 − 9 − 10 − 2.4 − 10 1 − 2 − 3.7
Power (mW) 0.493 0.75 0.25 1.3 0.4 0.985 0.96 0.336
Area  (mm2) 0.23 0.23 0.39 0.032 0.0052 0.045 0.05 0.62
FoM 11.36 − 2.45 4.02 4.51 0.22 6.01 6.77 6.58

Fig. 25  The physical layout of the proposed LNA with a core area of 0.23 mm2

Table 4  Component values used in the proposed design

Component L (nH) M1,3 (µm) M2,4 (µm) Mf1,2 (µm)

VALUE 1.9 200 200 200
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the results, it is clear that the proposed cross-coupled 
positive shunt feedback LNA is a step forward in provid-
ing energy-efficient, high-performance solution to 5G 
IoT applications.
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