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Abstract—The future of satellite communication (SATCOM)
is being revolutionized by constellations of medium Earth orbit
(MEO) and low Earth orbit (LEO) satellites, delivering high-
speed, low-latency connections with comprehensive global
coverage. A critical requirement for low-noise amplifiers
(LNAS) in these advanced satellite systems is the ability to
maintain low noise levels while achieving high gain. This
challenge is particularly pronounced at Kurz (Ku)-band
microwave frequencies and above. This study explores the
development of gallium nitride (GaN) high electron mobility
transistor (HEMT) LNAs in innovative configurations—
cascode, triple-cascode, and quadruple-cascode—tailored
specifically for Ku-band satellite applications. Employing
Keysight ADS design software, the LNAs are carefully designed,
with their matching circuits optimized to enhance overall
performance. All three LNAs demonstrate comparable noise
performance, with a noise figure (NF) of approximately 2.2 dB
at 13 GHz. However, the quadruple-cascode LNA stands out,
achieving a remarkable gain of 37 dB at the same frequency,
compared to 15.9 dB for the cascode and 25 dB for the triple-
cascode configurations. The impressive gain of the quadruple-
cascode LNA, i.e., more than double that of the cascode LNA,
highlights its potential as a highly effective topology for
microwave and millimeter-wave LNAs. The advancement paves
the way for enhanced satellite communication capabilities.
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l. INTRODUCTION

A highly dynamic and robust low-noise amplifier (LNA)
is an essential component of microwave receiving systems
used in navigation, defense, and commercial communication
due to the weak signal quality at the receiver input [1]-[3]. The
current Internet of Things (loT) networks enable the
connection of hundreds of millions of devices globally,
facilitating a wide range of practical applications in
healthcare, agriculture, and risk detection and alarm systems.
However, remote locations, i.e., deserts, oceans, forests, and
the polar regions, remain underserved by these services. To
address this gap and achieve the desired global coverage
regardless of topography, future sixth-generation (6G)
networks aim to integrate satellites into traditional loT
frameworks, giving rise to a new industry known as satellite
IoT. Among the various types of satellites, small satellites
have garnered significant research interest for this integration
due to their low orbital altitudes, cost-effective manufacturing
and launch processes, and minimal path degradation losses.

The space industry is increasingly focused on satellite
communication due to the rapid advancements in low Earth
orbit (LEO) satellite technology. Before signal processing, it
is essential to amplify the signal while preserving its fidelity,
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necessitating minimal added noise during amplification.
Consequently, high gain and low noise figure (NF) are critical
characteristics of an effective LNA. A significant challenge in
LNA design lies in achieving an optimal trade-off between
maximum gain, low NF, and low power consumption.

Historically, indium phosphide (InP) and gallium arsenide
(GaAs)-based high-electron-mobility transistors (HEMTS)
have been favored over silicon MOSFETS for very low-noise
microwave receiver applications. However, due to their ability
to handle large breakdown fields, gallium nitride (GaN)
HEMTs have also been explored for low-noise and high-
linearity applications. GaN HEMT technology offers
excellent power and low-noise performance, making it a
compelling choice for high-performance receivers [4]-[7].
The superior power handling capacity of GaN HEMTSs is
attributed to their wide bandgap of 3.4 eV, high breakdown
voltage, and high saturation velocity. In addition to high
power and low noise operation, GaN HEMTs exhibit
remarkable overdrive capability and durability. Their high
breakdown voltage allows for the elimination of additional RF
limiting circuitry for input power handling in the LNA
frontend, resulting in an overall reduction in system noise,
size, and weight. This improved trade-off between
performance and cost renders GaN HEMT-based receivers
particularly ~ attractive  for  satellite-based  secure
communication systems [8].

Several GaN HEMT LNA designs have been reported in
the literature for Kurz (Ku)-band applications. In [9], a 150
nm GaN on silicon carbide (SiC) HEMT is utilized to design
a Ku-band LNA, achieving a gain of 25 dB and a NF of 2.5
dB. A two-stage LNA designed in [10] employed 100 nm GaN
HEMT technology, resulting in a gain of 18 dB and a NF of
less than 3.5 dB. Additionally, a three-stage Ku-band LNA is
presented in [11], where the HEMTs in all stages featured a
gate length of 0.25 pm. The first two stages used 2x50 um
HEMTs, while the final stage employed an 8x60 pm HEMT.
The design achieved a NF of 1.9 dB and a gain of 19.8 dB. In
[12], another Ku-band GaN HEMT LNA is reported, which
attained a gain of 18 dB and a NF of 2.4 dB. Furthermore, a
Ku-band LNA utilizing 250 nm GaN HEMT technology is
developed in [13], achieving a NF of 1.85 dB and a gain of 20
dB. These studies highlight the need for a design approach
aimed at achieving higher gain while maintaining low noise
levels at Ku-band frequencies.

Recent research indicates a growing interest in LNA
design. Various techniques are being employed to enhance
LNA performance. These include optimizing circuit linkage
with transistors and increasing the number of stages to boost
gain. Common-emitter designs with inductive degeneration



and input inductors in the initial stage are also used to improve
noise reduction and signal amplification. The common gate
stage serves as the first stage of the amplifier. It matches input
signals across a broad frequency range. This ensures efficient
signal transfer from the input source and proper impedance
matching. The common source stage functions as the second
stage of the amplifier. Its primary role is to deliver substantial
gain. Together, these two stages contribute to high gain and
well-matched input, enhancing overall amplifier performance.
This architecture, known as cascode, is utilized in this paper.
The objective of this work is to develop a low-noise, high-gain
Ku-band GaN amplifier designed for integration into the
receiver front end.

The remainder of this paper is structured as follows.
Section 11 details the GaN HEMT technology employed in this
study and outlines the simulation framework. Section Il
describes the three LNA designs and the topologies utilized,
including cascode, triple-cascode, and quadruple-cascode.
Section IV presents the results in terms of gain, input/output
matching, NF, and stability within the targeted frequency
range. Finally, Section V offers conclusions that compare the
performance of the three different topologies.

Il. DEVICE STRUCTURE AND MODELING FRAMEWORK

The GaN HEMT device, featuring a gate length of 0.25
pm and a gate width of 8x50 pum, is modeled as reported in
[14]. The S-parameters and noise parameters of this model are
verified and found to be consistent under both cold (Ves=-4 V,
Vps= 0 V) and active (Ves = -2.72 V, and Vps = 10 V) bias
conditions, as depicted in Fig. 1. The GaN HEMT model is
implemented in Keysight ADS software and used for the
design of the LNAs.

Under the same active bias conditions of Vgs = -2.72 V
and Vps = 10 V, noise modeling of the 8x50 um gate width
device is conducted. Fig. 2 illustrates the simulated and
measured noise metrics, including the minimum NF (NFin),
equivalent noise resistance (Rn), and optimum noise reflection
coefficient (Iopt). The results demonstrate a strong correlation
between the measured and simulated data.

I1l.  LNA DESIGN CRITERION

The main design criteria for LNA design include stability,
high gain, and low NF. In LNA design, maximum gain of S
and minimum reflection coefficients for S1; and Sz, can be

Fig. 1.

Measured and simulated, i.e., symbols and lines, respectively, S-
parameters at (a) off state (Ves= -4 V, Vps= 0 V) and (b) active bias (Vgs=
-2.7 V, Vps= 10 V) for a 8x50-um gate width GaN HEMT up to 40 GHz
[14].
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Fig. 2. Measured and simulated, i.e., circles and line, respectively, noise

metrics of minimum noise figure, noise resistance and gamma optimum
under active bias condition for 8x50 pm GaN HEMT [14].

achieved by fine-tuning the input and matching components.
The input side of the LNA must be optimized for effective
noise and power performance. Since the optimal points for
noise and power do not coincide, it is essential to find the best
compromise between these two factors. Ideal input and output
reflection coefficients should be less than -10 dB to ensure
good matching. Rollett’s condition, i.e., K-A test, is employed
to verify the stability of the LNA, as expressed in [15]:
_ (1-(s11|2-|s22|2+|42])

Stability Factor K = ISz 1Z) >1, Q)

Delta |4| = |S11522 — §12521]| < 1. )

To achieve unconditional stability, the delta factor (]4]) must
be less than 1, while the stability factor (K) should be greater
than 1. The NF of the LNA represents its noise performance;
a higher NF indicates greater signal degradation. Therefore, a
lower NF should be the target when designing the LNA within
the desired frequency range. The NF of the LNA is expressed
as follows:

R
NF = NFpin + "/ (Y = Yopry° ®)

where NFnmin represents the minimum NF that can be achieved
by the LNA under optimal noise matching conditions.
Moreover, R, is the noise resistance, and Gs indicates the
source conductance. It is evident that the NF of the LNA is
influenced by the source termination (Ys), which must match
the optimal noise impedance (Yopt) to attain NFmin.

IV. LNA DESIGN AND RESULTS

A. Cascode LNA Design

The cascode LNA consists of two stages: a common-source
stage feeding into a common-gate stage. Compared to a single-
stage amplifier, the cascode amplifier offers enhanced
shielding between the input and output, higher input
impedance, greater output impedance, and a wider bandwidth.
The increased output impedance isolation capability of the
cascode LNA contributes to improved gain relative to the
single-stage LNA. Additionally, reverse isolation is enhanced
in the cascode structure, as the common-gate transistor helps
suppress the Miller capacitance of the common-source
transistor [16]. The designed cascode LNA operating at 13



GHz is demonstrated in Fig. 3, with a gate voltage of -2.72 VV
and a drain voltage of 10 V.

The lumped components are optimized to achieve the best
possible NF and gain. Input matching is accomplished by
tuning the components Ci, Cin and Lg. Interstage matching is
achieved by adjusting the components L, and Cs, which
connect the common-source and common-gate stages. The
source degeneration inductor (Ls;) resonates with the parasitic
capacitance at the output of the common-gate stage, thereby
reducing the NF of the cascode amplifier. Fine-tuning of the
source degeneration inductor is performed to mitigate the
effects of parasitic capacitance at 13 GHz. Output matching is
accomplished by carefully adjusting the series combination of
R; and C., which are added in shunt. The cascode LNA
achieves a gain of 15.9 dB at 13 GHz and a NF of 2.2 dB, as
shown in Fig. 4.

B. Triple-Cascode LNA Design

In the triple-cascode LNA configuration, a single
common-source stage is connected to two common-gate
stages. This design results in a triple-cascode LNA featuring
one common-source transistor and two common-gate
transistors. The 13 GHz triple-cascode LNA is illustrated in
Fig. 5.

Ves2 T2

50
Vpbs2
Cin
Vs
C1
Fig. 3. Schematic circuit of the cascode low-noise amplifier.
5 20
gt G
T ]
2 3 2
E) E\‘__,/im 3
€ ,] - s
2 7] Noise Figure E =
2 1 s
1
12.0 12|.5 13‘.0 13‘.5 14.0
Frequency (GHz)
g
g 10 4 3
° b -
I g 2] K
& o % 1]
o [Delta|
'20""!" L L n""l“"\"“\""
120 125 13.0 135 140 12.0 125 13.0 136 14.0

Frequency (GHz)

Frequency (GHz)

Fig. 4. Cascode low-noise amplifier: noise figure, gain, S-parameters and
stability factors at 12-14 GHz Ku-band frequencies.
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Fig. 5. Schematic circuit of the triple-cascode low-noise amplifier.

According to Fig. 6, the triple-cascode LNA achieves a
gain of 25 dB and a NF of 2.2 dB. Compared to the cascode
LNA, the triple-cascode LNA attains a larger gain, which can
be attributed to the additional common-gate stage. The similar
NF of the triple-cascode LNA, relative to that of the cascode
LNA, is due to the fact that the NF of a cascaded system is
primarily determined by the first stage, which is the common-
source stage in this configuration.

C. Quadruple-Cascode LNA Design

The quadruple-cascode LNA, illustrated in Fig. 7, consists
of a single common-source stage followed by three common-
gate stages. As shown in Fig. 8, the quadruple-cascode LNA
achieves a gain of 37 dB and a NF of 2.2 dB. This
configuration demonstrates a higher gain than the other two
LNA designs while maintaining comparable noise
performance. The increase in gain is attributed to the
additional common-gate stage at the output, while the similar
noise performance is due to the consistent input stage.
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Fig. 6. Triple-cascode low noise amplifier: noise figure, gain, S-parameters
and stability factors at 12-14 GHz Ku-band frequencies.
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Fig. 8. Quadruple-cascode low-noise amplifier noise figure, gain, S-
parameters and stability factors at 12-14 GHz Ku-band frequencies.

All results are presented in Table | for comprehensive
comparison. Further optimization of the GaN HEMT at the
device level presents an opportunity to achieve an even lower
NF. The inclusion of an additional stage significantly enhances
circuit-level performance. The findings demonstrate that the
gain of the LNA can be effectively increased by adding a
common-gate stage, while maintaining the NF of the amplifier.
Notably, in the quadruple-cascode configuration, the gain of
the LNA is 130% higher than that of the cascode LNA,
underscoring the advantages of this design.

The performance of the presented quadruple-cascode LNA
is evaluated against the most recent published work in Table II.
The results demonstrate a significant improvement in gain
compared to previously reported designs. The enhancement is
made possible by the quadruple configuration, which preserves

the noise performance characteristic of the cascaded
architecture. Furthermore, the performance of the quadruple-
cascode LNA can be further enhanced by optimizing the
HEMT to achieve a better NF. It is important to note that this
improvement in gain comes at the expense of an increased
number of HEMTSs.

Table. I: Gain and Noise Figure of Cascode Topologies of the Low-Noise

Amplifier
. Noise
Cascode LNA Gain (dB) Figure (dB)
Cascode LNA 15.9 2.2
Triple-Cascode LNA 25 2.2
Quadruple-Cascode LNA 37 2.2

Table. 11: Comparison of Obtained Results for the Quadruple-Cascode
Low-Noise Amplifier with State-of-the-Art Solutions.

. Gate Gate

Freq Gain NF - No. of
Ref. width Length

(Ghz) (dB) (dB) (nm) (nm) HEMT
[17] 13 115 | 0.98 400 250 1
[18] 18 16 2.2 200 100 4
[19] 15 21.3 1.7 200 200 1
This 13 37 2.2 400 250 4
work

V. CONCLUSION

This work presents the design of GaN HEMT LNAs for Ku-
band satellite applications in three distinct configurations:
cascode, triple-cascode, and quadruple-cascode. Within the
desired operating frequency range, the quadruple-cascode
LNA achieves an impressive maximum gain of 37 dB while
maintaining a comparable NF of 2.2 dB, consistent with the
performance of both the cascode and triple-cascode designs.
Notably, the gain improves more than twofold from the
cascode to the quadruple-cascode configuration, without any
adverse impact on the NF. These results affirm the suitability
of the quadruple-cascode LNA for high-performance satellite
receiver front ends, offering significant gains alongside low
noise characteristics essential for advanced communication
systems.
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