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2.4 GHz low noise amplifier: A comprehensive review
and pioneering research contributions for RF applications

T. Snehitha Reddy, Vijay Nath

Abstract — This paper presents an overview of the different
types of low noise amplifiers (LNAs) at 2.4 GHz frequency and
the design of a single-stage inductive degenerated common-
source narrow-band low-noise amplifier with a current reuse
technique. The CLC with current reuse at the source forms an
input-matching configuration in the common source input stage.
Because of the CLC circuit used, the LNA achieved impedance
matching between the source and the input of the LNA. The
current reuse technique used here ensured an enhanced gain.
The low noise amplifier simulated in Cadence Virtuoso 180 nm
library achieved a gain of 23.06 dB with a noise figure of 0.15 dB.
The Sy is -17.17 dB, S,; is -16.4 dB and Sy, is at -45.5 dB. The
power consumed is 5 mW and has unconditional stability with a
stability factor k; of 6.8. Corner analyses validate the stability of
the circuit despite variations in process, voltage, and
temperature (PVT). The layout of the circuit leaves a footprint of
1.2mm x0.83mm.

Keywords - Common source (CS), Inductive source
degeneration (ISD), Microstrip lines, Noise figure (NF),
S- parameters, Third order input intercept point (11P3).

I. INTRODUCTION

Technological advancements in complementary metal-
oxide-semiconductors (CMOS) have made communication
systems more accessible, and these advancements are
increasingly incorporated into radio frequency (RF) designs
[1-5]. RF waves have a frequency range from 3 kHz to 300
GHz and are used in various electronics and devices, such as
television broadcasting, cellular telephones, and satellite
communications. In wireless communication, an RF signal is
a wireless electromagnetic signal transmitted between a
transmitter and a receiver. Various applications for wireless
communication use different frequencies, including IRNSS,
radar, Wi-Fi, Bluetooth, and Wireless Local Area Network
(WLAN) [6, 7].

For various applications of Low noise amplifiers (LNAS),
several circuits with different configurations have been
suggested [8,9]. Common source low noise amplifier (CS-
LNA) provides exceptional noise reduction and gain
enhancement performance. The addition of an inductor to the
source of a common source (CS) stage creates the widely
recognized Induction Source Degeneration (ISD) effect,
which affects the gain and noise performance of the LNA
[10].
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Common gate (CG) configuration in common gate low
noise amplifier (CG-LNA) vyields a stable, low-power circuit
that is less susceptible to parasitic interference. To improve
the noise performance of the CG stage, various techniques,
such as capacitive cross-coupling, can be employed [11].
Although the conventional common-gate low-noise amplifier
(CG-LNA) offers better linearity, input matching, and stability
compared to inductively degenerated common-source LNAS,
due to its relatively high noise figure (NF) at low working
frequencies, it has not been used extensively [12-17].

The source follower topology does not require a drain
resistor since the terminal is connected to the ground. On the
other hand, the common drain topology exhibits low output
impedance and high input impedance. Each LNA
configuration and topology has its advantages and
disadvantages, and the appropriate choice depends on the
specific application requirements.

This paper presents an analysis and comparison of low-
noise amplifiers operating at 2.4 GHz. The LNAs are designed
using various tools such as Cadence and ADS software,
different topologies including common source and inductive
degeneration, and components such as passive RLC,
microstrip lines, and stubs.

This research primarily focuses on the development of a
narrow-band (NB) Low-Noise Amplifier (LNA) with the key
objective of achieving a low noise figure and high gain,
addressing a limitation observed in prior studies where noise
figures exceeded 2 dB. After evaluating the performance of
the previous LNAs mentioned in Section 2, we proceeded to
design a novel circuit using Cadence Virtuoso. The resulting
circuit demonstrated superior performance in terms of gain,
noise figure, and overall stability. The reduction in noise
figure, along with increased gain, can be mainly attributed to
the incorporation of the current reuse technique, interstage
CLC circuit, and optimized impedance matching networks.
This combination of techniques not only improves the input
impedance but also effectively reduces noise at the input
stage.

Section 2 briefly describes the works of different articles
with different applications. Section 3 discusses the proposed
LNA. Section 4 concludes the summary of the said review
article. Table 1 summarizes the comparison of different
LNA:s.

Il. LITERATURE REVIEW

A. D. Jahnavi’s low-noise amplifier [7]

To determine the best topology for the task, the author
examined four potential single-stage cascode configurations:
shunt-resistive feedback cascode, common source (CS)
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cascode, current reuse cascode, and common gate (CG)
cascode. Each topology was designed and evaluated based on
its performance parameters, including noise figure (NF), gain,
stability, and return losses. Notably, each topology has its own
limitations. The author's focus was on developing a single-
stage, single-band LNA for IRNSS applications in the S-band,
with a centre frequency of 2.492 GHz, that would have the
lowest possible noise figure and highest possible gain.

The designed circuit in Fig. 1 incorporates a common
source (CS) cascode configuration with current reuse and an
interstage series LC circuit to achieve a high gain and low
noise figure.
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Fig. 1. Common Source (CS) LNA [7]

The noise analysis in this study considers two primary noise
sources: resistors and transistors. The noise source resulting
from resistors is determined using Eq. (1):

e’ = 4KT SRAf 1)
and MOS device’s noise is given in Eq. (2):
iZ = 4KTyg, Af @)

where K is Boltzmann’s constant, y and & are defined as the
noise parameters of the MOSFET and resistor respectively,
Afis Bandwidth and gm is the transconductance.

According to the author, the addition of tuned LC
components at the input end has achieved narrowband
matching, which is particularly useful for frequencies ranging
from 30 to 300 MHz.

The proposed circuit diagram (Fig 1.) provides a clear
representation of the various techniques used, making it easily
understandable for readers. Although the author was able to
improve gain and minimize noise, better input-output
matching was not achieved despite the addition of extra-tuned
LC components.

B. LE Yilmaz’s low noise amplifier (LNA) [18]

The author has utilized microstrip transmission lines to
create circuit components for low-noise amplifiers, including
transistor schematics and input-output matching circuits. FR4

is the chosen substrate surface due to its affordability and
accessibility. To amplify the signal, a two-stage circuit is
employed while a series feedback technique is utilized to
decrease the noise figure. The input-output matching networks
incorporate transmission lines that use pi matching with open
circuit termination. This ensures proper connection between
the ports and transmission lines.

Instead of the commonly used Cadence Spectre RF for
design and analysis, the design utilizes the optimized tool of
Cadence, namely the Cadence AWR DE (Design
Environment) MWO (Microwave Office) program. The AWR
MWO optimizer tool is used to adjust the width and length of
transmission lines in the design.

The block diagram illustrating the fundamental concept of
this low-noise amplifier is presented in Fig. 2. The diagram
exhibits a sequential arrangement of the input matching
network, transistor circuit, and output matching network,
along with a DC supply utilized for transistor biasing
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Fig. 2. Block diagram of the basic concept of LNA [18]
The noise analysis is given by Eq. (3):

SNR;

NF =10(F)=10ﬁ 3)
where, NF is the noise figure, F is the noise factor, SNR; s the
input signal-to-noise ratio, SNR, is the output signal-to-noise
ratio.

The designed LNA aimed to achieve high gain and low
noise with minimal power consumption. However, while the
former objectives were met, there is no clear mention of the
power consumption value. Although the utilization of
microstrip transmission lines is innovative, the transistor
configuration topology used in the design is not specified. The
return losses of the LNA are promising, as they are less than
-10dB. However, the lack of proper input-output matching is
evident in the values of S;; and S,,, which are -10 dB and
-19.07 dB, respectively, for this design.

C. S. 4. Zainol Murad’s low-noise amplifier [19]

The primary focus of the author was to achieve low power
consumption in the LNA. To meet this objective, a two-stage
ultralow power LNA was designed using the forward body
bias technique. The two-stage configuration was chosen to
increase the gain while simultaneously reducing power
consumption. The minimum supply voltage in cascode
configurations is usually 2 Vy, which is not appropriate for
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low-power applications. However, the author has utilized the
forward body bias technique to address this issue.

The designed LNA utilizes the forward body bias technique
for low power consumption in both stages. Additionally, the
current reuse technique is employed to decrease the supply
voltage and current. However, the drawback of this reduction
is the decrease in gain. There are several gain-boosting
techniques available that can be utilized to enhance the gain
but at the cost of high-power consumption. These techniques
have been explored in previous works [20-23] and are subject
to a trade-off between gain and power consumption [19].

REN O L

Fig. 3. Low noise amplifier for wireless applications [19]

The LNA design, as depicted in Fig. 3, comprises two
transistors in a cascode configuration in each stage, and both
stages are connected in a cascade structure. The total current
drawn by the LNA is 1 mA, and it operates at a supply voltage
of 0.55 V, consuming a total power of 0.55 mW. The width of
the first-stage transistors is 130 pum, while the second-stage
transistor width is 120 pm.

The input matching and gain improvement are primarily
achieved with C, and L,. Capacitors C; and C,, along with
inductors Ls; and L, are responsible for output matching,
while capacitor Cs takes care of interstage matching. The
absence of a load resistor has helped reduce thermal noise.

The metric for evaluating the performance of the designed
LNA is the figure of merit (FOM), which is computed as the
ratio of power gain to power dissipation and the noise figure
(NF) performance, as shown in Eq. (4):

Gian,,
(NF-1)

The author successfully achieved the goal of low power
consumption by implementing a low power supply voltage,
but other important parameters such as the input-output
reflection coefficient, gain, and noise figure were not
prioritized. In general, the reflection coefficient of any low
noise amplifier should be less than -10 dB, but the achieved
Siy and Sy, values are positive and do not meet this
requirement. The gain achieved is 12 dB, but the noise figure
is 5.9 dB which is also not desirable. Therefore, there is room

FOM (mw ) = (4)

abs X I:)DC

for improvement to increase the gain and reduce the noise
figure.

D. R. Fiorelli’s low-noise amplifier [24]

The single-ended inductive source degeneration topology is
used to construct a common source LNA due to its advantages
such as low cost and low power consumption. The
amplification transistor M; depicted in Fig. 4 is biased in
moderate inversion to restrict power consumption and enable
the potential for reducing the supply voltage. The input
impedance is achieved by adjusting inductors Ls and Lg;. An
additional capacitor is added between the gate and source
terminals of M, to decouple noise. To attain maximum gain,
inductor Lq plays a crucial role. A control bit called CtrlG in
the CS-LNA's input network allows you to choose between a
high gain (hg) and a low gain (Ig). By turning a current branch
of the current-generating circuit on and off, this control
modifies the ultimate bias current of the LNA. The source of
the CS-current LNA includes a discrete gain control that
allows for gain on two levels in this block. By selecting the
low level, it is possible to avoid SW-MIX saturation when
high-level input signals reach the front end.

In CMOS 90 nm technology with a 1.2 V voltage supply,
the design of a differential switched transistor mixer and
single-ended LNA as the receiver front-end have been
completed. The area taken up by the LNA inductors, the
external chip components, and the power consumption are all
decreased by the single-ended input. The system achieves a
minimum power consumption of 4.7 mW, and the lowest
observed noise figure at 2.5 MHz of 7.5 dB.

E. B. Maruddani’s low-noise amplifier [25]

In ADS software an LNA with a two-stage cascade using a
microstrip line matching network with a single stub technique
is designed. Antenna design validation is needed in
simulations to determine the optimal performance of the LNA.

For the designed LNA shown in Fig. 5 the author has
calculated stability using Eq. (5):

ISy P oIS, P +IAF
2[5, 115,

®)

A=35,.5,,-5,S,, and here Sy is input reflection

coefficient, Sy, output reflection loss, S;, reverse transmission
co-efficient, Sy; gain. The author here has tabulated different
values like S-parameters, noise figure, VSWR input, and
VSWR output which are measured and simulated. There is an
enormous difference in the measured values and simulated
values in those mentioned parameters. Although there is good
impedance matching there is no clear explanation as to how
the input matching and output matching is attained. The gain
achieved is approximately 30 dB and the noise figure is 1.248
dB which are excellent values. There were many equations for
the calculation of different parameter values.
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Fig. 5. Single-stage cascade LNA [25]
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F. M. E. Bakkali’s low-noise amplifier [26]

To design an LNA for wireless applications the author used
an RF, substrate in planar technology. The selection of
topology and transistors are two key important factors in RF
design. The author here selected transistor ATF-21170 from
Avago Technology which meets the required specifications.
This transistor is a high electronic mobility transistor in
enhancement mode.

A bias network with three ports is used for biasing here,
where.

e  Port (P5) is a low frequency that is used to give the
polarization,

e  The radiofrequency signal is delivered by port (P,),
which is a high-frequency port, and

e A radiofrequency RF signal and DC are received by
the third output port (P,).

Without a series resistance at the transistor output, the
stability factor (Kf) achieved was less than one, which shows
the LNA is not unconditionally stable. To improve the
stability of the amplifier, avoid self-oscillations, and properly
function the amplifier, either a series or parallel resistor can be
added to the load. To enhance the stability, the author
appended a resistor in series to the transistor output. Fig. 6
shows a designed LNA for Wi-Fi applications. Three types of
gains characterize the transistor which are transducer gain Gr,
power gain Gp, and available gain G, which are dependent on
S-parameters and are given by the following equations Eg.
(6), (7) and ( 8):

Input
matching
network

RFy

ATF21170

B ISaf (I F)(x-IT, F) o
PA |1_SZZFL |2|1_rinrs |2

ez o

R _ |821|2 (1_|rs |2)
P/-\ |1_ S111_‘3 |2 (l_ | 1_‘out |)2

GT:

G, =

®)

where: I'\=I's=0; I';;=S11 and I',;;=S,>.

The author has used an FR, substrate to design a low
noise amplifier and has achieved perfect input-output
matching, with good gain and minimum noise figure in 2.4
GHz frequency. In the article, it was mentioned that an
additional series resistor at the transistor output increases
stability, but there is no mention of the final stability factor.
Power consumption is one of the important factors, yet no
value indicates the power consumed by the LNA.

After careful study and observations, the conclusions
were that common source is one of the topologies frequently
used in the design of CMOS LNAs [27]. Inductive source
degeneration gives high gain and low noise and is used in
most circuits. When a transistor is used, the width and length
of the transistor also account for the better performance of the
LNA.

Output
matching
network

rout

Fig. 6. LNA with cascode topology [26]
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TABLE 1
COMPARISON OF DIFFERENT LNAS
Gain Power Stability 11P3
Frequency Si S, Sip NF . Vg .
Technology (S21) consumption factor point References
(GHz) | (dB) | (@B) | (i | (@B) | (@B) | O | Tk | @em
180 nm 24 -16.2 | -11.06 | 24.89 30_47 0.994 5.6 18 1.125 -6.16 [7]
NA 24 -10.02 | -19.7 | 19.85 NA 1.014 NA 2 NA NA [18]
130 nm 24 10 12 12 NA 5.9 0.55 0.55 NA -3 [19]
90 nm 24 NA NA 28 NA 9.6 4.68 NA NA -12.8 [24]
NA 24 -70.35 | 72.98 | 30.69 NA 1.2 NA NA NA NA [25]
NA 24 -15.8 -15.8 | 1511 NA 0.37 NA NA NA 148 [26]
Aside from the gain and noise figure, impedance matching COMP-(EﬁEBNLTEVZALUEs
is also a major factor contributing to the maximum power
transfer at both ends. The circuits achieve a good impedance
at input and output individually but when seen together for Component Value
maximum power transfer, the obtained impedance matching is C,&C, 10 pF
ynqe§irable. The perfgctly achieved impedar_1ce matching Co&Cs 50 pF
individually and combined has reasonable gain and a low
noise figure [26]. Lo 4.4 nH
In addition to RLCs, microstrip lines are used to design the Ly 200 pH
LNA which gives better results for various parameters. The Lo 30 nH
substrate used in the microstrip line must be chosen carefully, (WIL), 80 u/ 180 n
as with the values of the RLC components. (WIL), 80u/180n
Based on an extensive literature review and thorough (WIL)3 8u/180n

analysis of the findings presented in summary Table 1, the
inductive degeneration topology was chosen as the preferred
approach. Subsequently, the target specifications and
objectives such as using 180 nm technology, with gain > 20
dB, and noise figure less than 2 dB at a frequency of 2.4 GHz
were derived.

I11. DESIGN APPROACH

The proposed LNA schematic, designed to achieve the
desired gain at the resonant frequency of f, = 2.4 GHz is
illustrated in Fig. 8. The implementation of a CLC tank circuit
at the input of the low-noise amplifier impacts its overall
impedance matching and noise performance. The cascode
topology of My and M; used here provides excellent reverse
isolation.

Transistor M, forms a current mirror with the M; transistor.
The transistor sizes are determined using the gn/l; method,
which aims to achieve maximum gain and a minimum noise
figure without exceeding the consumption of power and the
values are tabulated in Table II. The width of M, is (1/10) ™ of
the width of M;. To drive the transistors into region 2 of
operation in Cadence (i.e., the saturation region), a current
mirror biasing technique is used to provide the DC supply.

The inductor at the load minimizes noise, increasing the
voltage swing in DC analysis. To isolate the output, a voltage-
controlled voltage source (VCVS) with unity voltage gain can
be inserted between the load and the output port (Port 1)
[29-31]. The input port receives a sinusoidal signal at a
frequency of 2.4 GHz.

It's worth noting that both the input and output ports
maintain an internal resistance of 50 Q, ensuring excellent
input and output matching.

7.

Fig. 7. Inductive source degeneration topology

For the sake of simplifying the analysis, let us consider a
MOSFET maodel that comprises solely a transconductance and
a gate-source capacitance as shown in Fig. 7. In such a
scenario, the input impedance of the circuit, (Z;,) can be
expressed as shown in Eq. (9)

g L

m

©)

in SC

+S(Ls +Lg)+

gsl gsl

In the given equation, Cg; represents the gate-to-source
capacitance of M, L, denotes the degeneration inductor, L,
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represents the gate inductor, and g, represents the
transconductance. The input impedance (Z;,) can be observed
to consist of two components: a real part (Eg. (10)) that is
frequency-independent and an imaginary part (Eq. (11)) that
varies with frequency.

g L

n— =500 (10)

Cgsl

+s{L.+L )=0 11
o olkrh) a

The operating power gain analyses can be done by Egs.
(12) & (13) [32]:

Power gain (G) — Power delivered to the load ( )

power supplied to the amplifier

S, [P (1-1T, )

Here the S,; is the gain

S, is output reflection co-efficient.

[ is load resistor and I is source resistor.
Py is power delivered to the load

P, is available power from the source

P;,, is power supplied to the amplifier

In general, the gain and noise figure are the most
considered in any amplifier circuit. The noise figure of an
LNA is defined as the ratio of total noise power at the output
to noise power at the output due to the input source. Hence
recognizing the sources of noise is also a major task.

The resistors cause the thermal noise and the MOSFETSs
have the channel noise. Noise analyses for the proposed
circuit can be done from the Eq. (7) [7]:

The Fig. 9 shows the layout of the proposed NB-LNA. As
shown in the Fig. 9 the layout occupies a 1.25 mm of length
and width of 0.833 mm.

= . ; (13)
|1_ Szer | (1_|Fin |)
VDD
Iref L,

|1
M M ;
= £«

and J;' PORT 1

gnd
CU LD '[1 a
I 1) g

PORT C,

gnd

g

gnd <z

Fig. 8. Proposed current reused inductive degeneration common source low noise amplifier
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il 0.83 mm >

Fig. 9. The layout of the proposed low-noise amplifier

IV. RESULTS

The proposed LNA designed using Cadence Virtuoso with
a supply voltage of 1.8 V and simulated using 180 nm
technology consumed a power of 5 mW. Fig. 10 shows the S-
parameters. Here the Input reflection co-efficient (Sy;) in Fig.
10(a) is -17.17 dB, the reverse isolation (Sy) in Fig. 10(b) is -
45.5 dB. The output reflection co-efficient (S,,) shown in Fig.
10(c) is -16.4 dB. The gain in Fig. 10(d) is 23.06 dB. Fig. 11
portraits noise figure and Fig. 12 displays stability factor.

For an LNA the important parameters to be considered are
the S-parameters, noise measured in dB, and the stability
factor (Ks) which are all represented in the above figures.

The performance of LNA is evaluated by different
simulations wherein the process, voltage, and temperature are
varied. The PVT analyses represent the sturdiness of the
circuits under different conditions that exist after the
fabrication [35, 36].

More precisely, the results conditions of PVT analysis
typically involve the following aspects:

Process Variations: Assessing how discrepancies or
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variations in the fabrication process—such as differences in
doping concentrations, oxide thickness, or lithographic
accuracy—affect the circuit's parameters, such as transistor
characteristics, capacitances, resistances, and interconnects.
The different processes are nominal-nominal corner (NN),
fast-fast corner (FF), slow-slow corner (SS), slow-fast corner
(SF), and fast-slow corner (FS).

Voltage Variations: Investigating the impact of variations in
supply voltage levels on circuit behavior, including effects on
power consumption, timing, noise margins, and functionality
under different voltage conditions. Here the voltage is varied
asl1.6V,18V,and2 V.

Temperature Variations: Analyzing the influence of
temperature fluctuations on the performance of the IC,
including effects on transistor threshold voltages, propagation
delays, leakage currents, and overall reliability. Here the
temperature is varied from -40°C, 27°C, and 80°C.

The goal of PVT analysis is to ensure that the designed
circuit operates reliably and within specified performance
limits under various process, voltage, and temperature
conditions [37].
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Fig. 10. Plot of S-parameters at 2.4 GHz
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The summary of PVT analyses as seen in Table 11l shows
that the circuit’s output parameters remain within the
acceptable range and hence is stable and well-functioning

TABLE 3
SUMMARY OF PVT ANALYSES
Outout Minimum Mean Maximum
P value (dB) | value (dB) | value (dB)
Sit -19.24 -9.36 -14.8
St -52.04 -36.9 -44 .47
Sy 17.56 26.24 21.9
S» -15.12 -16.48 -15.8
K 3.93 4.45 4.19

Deriving the observations from Table 1V, it is noteworthy that
our proposed circuit not only achieves a commendable
balance between gain and noise performance but also excels
in maintaining the crucial input and output impedance
matching.

V. CONCLUSION

The constant development in wireless communication leads
to increased research in low noise amplifiers specifically the
narrow band LNAs. Applications such as RFID, Bluetooth,
and Wi-Fi are major uses of narrowband LNA. In this article,
narrow-band LNAs have been reviewed concerning circuit
construction and advanced semiconductor technologies. Also,
a single-stage inductive degenerated common source LNA
with the current reuse technique has been presented with a 1.8
V supply.

The designed LNA not only achieved a good balance
between gain and noise figures but also managed to have an
input-output matching with a power consumption of 5 mWw.
The gain of the LNA is 23.06 dB, with a noise figure of 0.150
dB. The S;; is -17.17 dB and Sy, is -16.4 dB. The reverse
transmission co-efficient Sy, is at -45.5 dB which denotes the
least amount of signal transferred from the output port to the
input port. The layout of the proposed schematic occupies a
length of 1.2 mm with a width of 0.833 mm.

The stability factor of 6.8 shows that the circuit is
unconditionally stable at the center frequency of 2.4 GHz.

irrespective of the changes in voltage, process, and PVT analyses confirm the circuit’s sta_bility _W_ith Variati_on_s in
temperature. process, voltage, and te_mperature W|th_ minimal deviations
from the targeted and typical values obtained.
TABLE 4
COMPARISON OF DIFFERENT LNAS
. Noise Figure
Frequency Su Gain (S,;) S Sa
Technolo NF V References
gy GHz (dB) (dB) @) | (@B % dB; a (V)

90 nm 2.4 -34 11 -42 -29 25 25 [26]

180 nm 24 -13.58 15.6 NA -17.6 1.03 NA [31]

90 nm 2.4 -1.826 25.17 -31.6 -2.17 1.3 1.2 [33]

90 nm 3.1-10.6 -10 12 NA NA 1.6-2.1 15 [34]

180 nm 24 -17.17 23.06 -45.5 -16.4 0.150 1.8 Present work
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