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INTRODUCTION

ABSTRACT

In this paper, a narrowband and highly linear Low Noise Amplifier (LNA) is designed and
implemented on 180 nm CMOS technology, operating at a center frequency of 4.5 GHz. This
LNA design is particularly suitable for modern communication systems and emerging 5G
applications. For simulation and analysis, the 180 nm Generic Process Design Kit (GPDK)
in Keysight's Advanced Design System (ADS) was utilized. To improve stability and gain, re-
sistive feedback was chosen, while inductive source degeneration was employed to achieve
better noise performance and linearity. The proposed design aims for a simple architecture,
and its narrowband specifications are achieved through optimized input and output matching
networks. The analysis showed that the designed LNA provides a gain of 14.1 dB, a minimum
noise figure of 0.928 dB, an input 1-dB compression point (P1dB) of 0 dBm, and an input
third-order intercept point (IIP3) of 4.942 dBm across a 360 MHz band. These results indicate
excellent linearity and signal integrity, and show the design is competitive with relative studies.
The novelty of this work lies in achieving high linearity and low noise with a notably simpli-
fied design, overcoming common trade-offs. Compared to recent state-of-the-art work, the
proposed LNA offers superior linearity and a lower noise figure while maintaining a simple
circuit topology.

Cite this article as: Kaya S, Yapic1 AC, Yildiz H, Kaya M, Cerci MD. Narrowband and highly
linear LNA design for 4.5 GHZ on 180NM CMOS. Sigma J Eng Nat Sci 2026;44(2):894-907.

many components. Low noise amplifiers (LNA) are one of

Wireless communication systems have become an
essential part of our lives for a very long time. Over time,
the needs and specifications expected from these systems
became more and more advanced. This trend led the subsys-
tems and components to evolve to provide the performance
requirements. The receivers used in these systems employ
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the most important parts of wireless receivers [1]. Their main
role is to amplify the received signal while adding minimal
noise to it. This enables them to improve the quality of the
signal in terms of the signal-to-noise ratio (SNR) [2]. It also
offers non-linearity to the circuit since it is an active device.
The LNA’s non-linearity is undesired since it leads to signal
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distortion and the generation of undesired products like har-
monic and inter-modulation distortion [3]. In order to over-
come the non-linearity, a filter prior to the LNA is placed to
suppress the unwanted bands. These filters are also crucial
for noise figure calculations since cascaded noise figure cal-
culations show that the first element of the network provides
the most significant contribution to noise [4]. Therefore, it
is important to have a low noise figure (NF) in the first ele-
ment of the receiver, which is typically a passive band-select
filter that introduces a noise equal to its insertion loss [5].
This condition leads to a trade-off between selectivity and
the total NF of the receiver. To overcome the high NF con-
tribution issue of band select filters, various different types
of band selective or narrowband LNA designs were offered
[6-9]. These studies offer varied solutions like frequency
translational resistive feedback architectures, current convey-
ors, nested reactive feedback loops, and integrated frequency
selective networks. These designs were mainly focused on
complex topologies such as multistage matching circuits,
baluns, and feedback networks to provide better selective
characteristics. Since the filter is not used in these designs
to lower the unwanted frequency components, the linear-
ity of the designed LNA becomes more decisive in terms of
performance. Yet, the linearity of the designs mostly was not
prioritized as a design goal. On the other hand, regular LNA
studies focusing on these bands are focused on either the
noise figure or the linearity improvements by making trade-
offs on the non-focused side. This approach led to bad affec-
tion for their overall performance.

In this paper, a narrowband and highly linear LNA
design was implemented to overcome the trade-off between
noise figure and selectivity. The design is made for a rather
less popular band which is reserved for military commu-
nications and future 5G communication systems, 4.5 GHz
[10,11]. To minimize complexity, size, and cost, maintain-
ing circuit simplicity was a key design objective. To pro-
vide better stability and matching characteristics, resistive
feedback and source inductive degeneration techniques
are employed within the design [12,13]. Input and output
matching circuits, on the other hand, are designed to obtain
a narrowband response by applying a simple network
design with two elements. This design method provides
simpler circuits in terms of components as well as offers a
good band selectivity performance. The nonlinear behavior
of the device is also taken into account within the design
by determining the parameters of the components used.
GPDK 180 nm process is used to implement the design in
the Advanced Design System (ADS) of Pathwave Design to
run S-parameter and nonlinear simulations.

THEORY

Design Objectives
Design objectives of the LNA design can be seen in
Table 1.

Table 1. Design objectives of the Lna design

Specification Unit Value
Center frequency MHz 4500
Bandwidth MH:z 350
Maximum noise figure dB <13
IP1dB dBm >-5
IIP3 dBm >4
Minimum gain dB >11

The main objective is to have a frequency-selective
response both on input and output matching circuits so the
amplifier can also act close to a filter over the band. It is
also aimed to have NF lower than 1.3 dB over the passband
of the design while having a gain of more than 11 dB. Since
the LNA is designed to act as a filter and therefore as the
first element of a receiver structure, linearity objectives are
also considered to be important. In order to obtain a linear
characteristic, IIP3 values bigger than 7 dB and IP1dB val-
ues bigger than -5 dB are aimed to be achieved.

Transistor Sizing
RF field effect transistors (FET’s) have lots of parameters
which has a direct effect on the performance. In this study,
the physical parameters of transistors which are length,
width, and number of fingers, are selected to have the tran-
sistor optimized for the design objectives. The length of the
transistor has an inversed relationship with the cutoff fre-
quency (f;) [14]. Formula for the f; can be seen (1).
v,
fT - 2*7"'*(11'1t¢7tal (1)

fr represents the transition frequency or cutoff fre-
quency, V, is the Early voltage and C,, refers to the total
capacitance of the transistor.

Unlike the f;, the length of transistor has a direct rela-
tionship with the transconductance (g,,) of the transistor.
In this design, the length of the transistor is picked as the
minimum length the process can offer, 180nm. This selec-
tion was made to ensure the maximum high-frequency per-
formance of the transistor.

The channel width of the transistor, on the other hand,
is mainly effective on the current flow capability and phys-
ical coverage of the component on the layout [15]. This
parameter was mainly considered to have sufficient power
to obtain the nonlinear specifications of the amplifier.

The number of fingers to be used on the transistor is
also an important parameter since it can provide additional
improvement in terms of linearity and g,, [16,17] Yet, it
should be noted that it can lead to performance degrada-
tion in terms of f;. Depending on optimization results, 200
pm is chosen to be the length with 4 fingers in total to have
a 50 um finger width.

total
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Topology

There are various topologies to form an LNA using a
single transistor element. The most common of these topol-
ogies are common source and common gate amplifiers [18].
The main advantage of the common source is the min-
imized NF whilst the common gate topology offers more
bandwidth due to the limited miller effect [19]. Since the
objective is to have a narrowband response and low NF as
possible, common source topology is used as the reference.
The common source design topology can be seen in Figure
1. In this topology, the input signal is applied to the gate (G)
and the amplified and inverted output signal is taken from
the drain (D), with the source (S) terminal being common
to both the input and output.

Vour

Vin G

Figure 1. Common source topology.

70
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After deciding the main topology, various techniques to
be added to improve performance on different aspects such
as stability, gain and bandwidth are also chosen. In order
to obtain the unconditional stability of the transistor over
the operating bandwidth, resistive feedback is added to the
main topology. This addition also had its impacts on other
parameters such as matching. Also to improve stability and
noise characteristics over the operating band, the source
inductive degeneration technique is chosen to be added in
the topology. Matching circuits to be designed are mainly
focused on obtaining selectivity in terms of the operat-
ing band while using a minimum number of components
to avoid complexity and therefore large area occupation
within the die. With the same concern regarding circuit
size, lumped comments offered within the process which
are MIM capacitors [20] and spiral inductors [21], will be
used as elements of the matching network.

DESIGN

The design procedure of the LNA consists of analysis
and considerations covering DC biasing, stability, S param-
eter analysis and matching network design.

DC Analysis

The chosen 50x4 um width transistor’s I/V curve anal-
ysis can be seen in Figure 2. The optimum biasing point
is chosen to be at 0.7 V VGS and 2 V VDS, which stands
as a valid point regarding the class A amplifier operating
conditions [22].

The transconductance(gm) analysis at the selected bias
point can be seen in Figure 3. The transconductance value
is chosen to be 0.002 S for the design.

In order to calculate the DC power consumption of
the proposed LNA, voltage and current values determined
from the DC analysis can be used. The main reason behind

WS = L0V

WEE = 0.4

0.0 05 10 15 2.0 25 3.0
VES (V)

Figure 2. 50X4 pm transistor I/V curve analysis.
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Figure 3. Transconductance analysis of the 50X4 um transistor.

it is that the LNA is assumed to work with small signals
which does not affect the bias point and operating region
of the transistor.

DC power consumption can be calculated with formula

2).
Pger = Ip * Vps (2)

P, represents the total DC power consumption, I,
is the drain current, and Vjy is the voltage applied to the

Vs_High
Vde=2v
+ [ ‘Tﬂﬁ'L

drain. By using formula (2), DC power consumption can be
calculated as 28 mW.

RF Analysis

After DC analysis, a biasing network is formed to get
the design ready to stability and s parameter analysis. The
design schematic can be seen in Figure 4. Due to the deter-
minations made on design methodology, a source degener-
ation inductor and a feedback resistor are also added.

V_Input -

Input
Z=50 Ohm

Vs_Low
Vdc=0.7V

Figure 4. Design circuit schematic.

V_Load

Load =
Z=50 Ohm |[=
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The circuit’s stability analysis made for a wideband fre-
quency range (2-6 GHz) can be seen in Figure 5. It is clear
that the circuit is unconditionally stable within the operat-
ing bands (4-5 GHz).

S parameter analysis can be seen in Figure 6. Reverse
isolation (S12) is low enough for unilateral consideration
[23], and forward transmission parameters are within the
needs of design objectives in 4.5 GHz.

Maximum gain analysis can be seen in Figure 7. It is
clearly seen that this biasing condition provides enough
gain for design objectives.

1.02

1.01

=
o
=]

0.99

Stability Factor

0.97

Matching

For matching network design, a narrowband frequency
response is targeted by using a minimum number of com-
ponents. Impedance points for optimum source, load and
noise figure matching can be seen in a normalized smith
chart for frequencies between 2-6 GHz in Figure 8.

For a target center frequency of 4.5 GHz with a narrow
bandwidth (less than 10%), the matching networks must be
highly frequency selective. On the Smith chart, this means
that while the impedance should be perfectly matched at
4.5 GHz, it should move away from the center point at adja-
cent frequencies. Also, the source matching network must

40 75 5.0

Frequency (GHz)

2.0 25 3.0 35

Figure 5. Stability analysis of the circuit.
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Figure 6. S parameter analysis of the circuit.
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Figure 7. Maximum gain analysis of the circuit.
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Figure 8. Impedance matching points of the circuit.

be designed to achieve an optimal trade-off between gain
and noise figure, with a clear priority given to minimizing
the noise figure.

To have all this, a simple series LC network was offered
for both source and load matching. Series capacitance was
needed to adjust the impedance points to R=1 circle and
also to act as a DC block, and since the aimed matching
points to obtain the objectives for 4.5 GHz is placed close
enough to the R=1 circle, there are no additional parallel
components used. A series inductor is good enough to
match the reactance for both sides of the transistor. The
chosen matching network can be seen in Figure 9. A spiral
inductor and a MIM capacitor are chosen from the GPDK
library to be used within the network. The parasitic of these
devices were not dominant on the operating band and
therefore, ignored within this design.

4.8 5.0

8.95856 nH 17.6 fF

ﬂu}_

Figure 9. Matching network proposed for the LNA.

Reactance value of the selected capacitor value (17.6 fF)

can be calculated with formula (3).

1
2x1Txf*C (3)

Xcz
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X, represents the reactance value of capacitor, f is the
frequency, and C is the capacitance value. For the capacitor
on the source and load matching circuits (17.5 {F), reac-
tance value can be calculated as 2012 Q. High reactance
value allows the impedance values to be adjusted on R=1
circle.

Reactance value of the selected inductor values (8.269
nH and 8.958 nH) can be calculated with formula (4).

X, =2*mxfx*L (4)

X, represents the reactance value of inductor, f is the
frequency, and L is the inductance value. For the inductor
on the source matching circuits (8.958 nH), reactance value
can be calculated as 253.1 Q. On the load matching circuit,
the inductor’s (8.269 nH) reactance value is equal to 233.77
Q. Both inductors have reactance values close to each other,
which indicates that the impedances of source and load
branches are close to each other.

Final Circuit

In the final design stage, all passive and active com-
ponents were integrated to form the complete LNA
circuit. The finalized schematic, shown in Figure 10,
incorporates the biasing network, stabilization ele-
ments, and matching circuits. The spiral inductors
and MIM capacitors used are selected from the GPDK
library due to their compact footprint and accept-
able Q factor in the 4-5 GHz range. The values for all

components used in the LNA are summarized below.
These values are derived based on impedance transfor-
mation requirements, stability goals, and noise figure
optimization. Calculations were carried out using stan-
dard L-network synthesis equations and Smith chart
mappings. The source and load matching networks
are tuned specifically to target the 4.5 GHz center fre-
quency with a fractional bandwidth of less than 10%.
After the implementation of matching networks, the
final circuit design was complete and can be seen in
Figure 10. The values of the components used are sum-
marized in Table 2.

Table 2. Component values used in Lna design

Name/Indicator Unit Value
Feedback resistor Q 1050
Source inductor pH 215.49
Drain inductor (RF choke) nH 42.13
Gate inductor (RF choke) nH 8.367
Source matching inductor nH 8.958
Source matching capacitor fF 17.6
Load matching inductor nH 8.269
Load matching capacitor fF 17.6

AL
| 17.6 fF  8.269 nH
L ) i I
8.958nH  17.6fF % D
AL v G(|
/1 L
s
Term Term g
Z=50 Ohm Z=50 Ohm

Figure 10. Final circuit of the LNA design.
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RESULTS AND DISCUSSION

Linear and Noise Performance

Simulations are created both for the linear and non-
linear characteristics of the LNA. In order to check the
linear characteristics, S parameter analysis results can be
observed in Figure 11(a). The gain is measured as 14.105

dB. To measure the performance of the LNA input match-
ing, the S11 value was checked if it is below -10 dB. Detailed
analysis of S11 can be seen in Figure 11(b). From the mea-
surement, it can be said that the LNA input matching band-
width is around 360 MHz. Noise figure simulation results
can be seen in Figure 11(c). The noise figure acquired for
4.5 GHz is almost equal to the minimum noise figure, 0.928
dB, which is lower than the design objective.

S21@4.5GHz:
14.11dB — S11
—_— 512
10} — §21
— 522
— O-
o
T
'
B
D -10
]
()]
£
8
©
B
(75}
_30.
-40
2.0 25 30 35 3.0 a5 5.0 55 6.0
Frequency (GHz)
(a)
e S11@®4.5GHz
-4}
_6-
—
o
T -
-
=
N 1
_12.
S11 @4.5 GHz: -13.74 dB
14} , i : , ,
4.0 4.2 4.4 46 4.8 5.0
Frequency (GHz)

(b)
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Figure 11. Linear and noise performance of the LNA: (a) S parameters of the LNA (b) S11 analysis of the LNA. (c)Noise

figure analysis of the LNA.

Matching Network Analysis

In order to observe the effectivity of the designed match-
ing networks, the impedance points shown in Figure 8. are
analyzed and can be seen in Figure 12. It is shown that a
successful discrimination between the optimal impedances
of frequencies is achieved.

Nonlinearity Analysis
In terms of nonlinearity, P1dB and IIP3 parameters
are analyzed. The gain over input power graph is shown in

+1

405 05
0.2
- - g 2
02
05 2 105
"
Figure 12. Smith Chart Analysis of the LNA.

Figure 13. From the compression point, P1dB is found close
to 0 dBm.

Multi-tone simulations are also analyzed to measure
the ITP3 of the LNA. The results can be seen in Figure 14.
OIP3 of the LNA is measured as 19.047 dBm for lower tone.
Regarding the gain (14.105 dB) IIP3 can be calculated as
4.942 dBm. Results gathered from simulations are com-

pared to similar studies in Table 3.

+2 |=== GsCircle
=== NsCircle

+5

+30

o 0. S 0
<430
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Figure 13. P1dB Analysis of the LNA.
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Figure 14. Multi tone analysis of the LNA.

The gain, noise figure, IIP3, and P1dB values from the
LNA studies are visually compared in Figure 15(a), 15(b),
15(c), and 15(d), respectively.

Comparison with Other Studies

Results from this work and earlier studies [24-35] can
be compared in various types of specifications.

By comparing the parameters provided, it can be
said that the proposed design offers significantly higher

linearity compared to most of the prior studies. Only two
studies offer better linearity than the proposed design [33,
34].The study that stands to be better among all [33], has an
IIP3 of 21 dBm and an IP1dB of 9 dBm. However, it exhib-
its a relatively high noise figure of 1.3 dB compared to this
work, which offers 0.928 dB of noise figure. A similar sit-
uation applies to [34], which also demonstrates relatively
good linearity. Although this work offers much higher gain
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Table 3. Comparison of the Lna with other studies

Ref Year GPDK Topology Freq. Bandwidth Gain NF (dB) IIP3 IP1dB
(GHz) (MHz) (dB) (dBm) (dBm)

[24] 2021 180 nm Cascaded CSA 2.4 ~400 MHz 19 0.5 -15.87 -26

[25] 2019 180 nm Cascaded CSA 5 Not Given 24.65 0.794 -26.81 -36.11

[26] 2022 180 nm Cascode CSA 2.4 ~600 MHz 22.75 1.75 -13 -19

[27] 2023 180 nm CSA 55 ~200 MHz 12.81 2.8 -18.7 -14

[28] 2022 180 nm CSA 1-7 ~6000 MHz 17.95 1.11 Not Given  Not Given

[29] 2023 90 nm CSA 4.4-5.0 ~600 MHz 20.6-19.9 1.57-1.73 =154 Not Given

[30] 2019 180 nm Cascode CSA 6 ~200 MHz 159 0.92 -1.1 -8

[31] 2022 180 nm Cascode CSA 2.4 ~820.3 MHz 21.5 0.506 0.513 -8.17

[32] 2021 180 nm Differential CSA 1.9-4.5 ~2300 MHz 123 2.6 -2.5 Not Given

[33] 2019 250 nm CSA 5-6 ~2000 MHz 14 1.3 21 9

[34] 2021 22 nm Cascode CSA 2.4-525 ~2850 MHz 30 1.49 9 3

[35] 2024 150 nm Cascaded CSA  2.8-3.8 ~1000 MHz  35.5 1-1.8 Not Given ~ -25.5

This work 2024 180 nm CSA 4.5 ~360 MHz 14.1 0.928 4.942 0

compared to the proposed design, it suffers from a wide-
band response, whereas the proposed design is more suited
for narrowband applications.

In terms of noise figure (NF), there are some studies
that offer better performance [24, 25, 30, 31] then this work
does. Yet all of them fall short in terms of linearity. The
best among these shows an ITP3 of -8 dBm and an IP1dB of
-1.1 dBm, which are considerably worse than the proposed
design.

In terms of gain, which is not the primary specifi-
cation for this work to dominate over, there are various
studies that offers better performance than the proposed
design. Yet, none of these studies can offer the linearity
and NF performance of the proposed design offers. From

Comparison of LNA Gain

25
I 12-3
e P

35

30

24.65

25

22,75

20.25
17.95

15.9

121

&

Reference

(a)

that perspective, it is fair to say that the proposed design
successfully balances all critical performance parameters
linearity, noise figure, and gain while offering simplicity
through its topology.

Simulation Limitations

It must be noted that due to the nature of GPDK
(Generic Process Design Kit), post-layout simulation results
cannot be presented. This is due to GPDK not offering all
layout components that are essential for layout design. This
also caused the inability to make PEX (layout parasitic
extraction) for this design. It is also not possible to make
an accurate silicon area estimation due to this limitation.
Yet, as mentioned earlier in the paper, parasitic values of

14.0

14.1

%

<+
&
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Comparison of LNA IIP3 (Higher is Better)
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Figure 15. Performance comparison of this work with other LNA studies: (a) Comparison of Gain Values. (b) Comparison
of ITP3 Values. (c) Comparison of Noise Figure Values. (d) Comparison of P1dB Values.
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inductors, resistors and capacitors are checked in the early
phases in the design and observed to be ineffective in terms
of performance of the circuit.

CONCLUSION

In this paper, a narrowband and highly linear low-noise
amplifier was designed within the common source topol-
ogy by using the GPDK 180 nm process in ADS. Resistive
feedback and source inductive degeneration methods were
employed to improve stability and linearity. The topology
was designed in such a way as to simplify the circuit by min-
imizing the number of components. Simulations indicated
that the proposed design successfully covered 360MHz of
bandwidth in 4.5 GHz while offering 0.912 dB noise figure,
14.1 dB gain, 0 dBm IP1dB and 4.942 dBm IIP3. These val-
ues show that the design offers better overall performance
than the relative studies.

It must be emphasized that these results are based
solely on pre-layout simulations. The limitations of the
Generic Process Design Kit (GPDK) prevented post-layout
extraction and analysis, meaning that parasitic effects from
physical layout, process variations, and packaging are not
accounted for in these results.

Despite this limitation, the results of this study suc-
cessfully highlight the possibility of designing an LNA that
combines both high linearity and simplicity. This combi-
nation is valuable for designers, as achieving good per-
formance with fewer components contributes to creating
cost-effective and robust systems.

NOMENCLATURE
fr Cut-off Frequency

v, Early Voltage of The Transistor
Ciowar Total Capacitance of The Transistor
gn  Transconductance

Q Ohm
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