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Abstract

GaAs and SiGe technologies take an edge over GaN-based devices in terms of

better noise figure (NF). In this article, we present HEMT topologies and

design techniques to achieve a sub-1.2 dB NF for a GaN-based X-band low-

noise amplifier (LNA). This NF is comparable with state-of-the-art reported

works in competitive GaAs and SiGe technologies. Moreover, this is the best

reported NF in X-band using GaN technology to date. Two LNAs are fabri-

cated using in-house 0.15 μm AlGaN/GaN on the SiC HEMT process. LNA-1

has inductive source degenerated (ISD) HEMTs at both stages, while LNA-2

has ISD HEMT at the first and common source at the second stage. The signifi-

cance of ISD HEMT, for the first or subsequent stages in a multi-stage design,

towards NF improvement is addressed. The criticality of stability networks

towards NF contribution and its design is discussed in detail. Furthermore,

even-mode stability of each HEMT after complete LNA design is assured using

the S-probe method in Pathwave Advanced Design Systems.
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1 | INTRODUCTION

Gallium nitride (GaN) technology combined with high
electron mobility transistor (HEMT) emerged as the most
suitable candidate for power applications at high fre-
quencies. Over the years, GaN technology also started to
take its place in low noise applications due to built-in
power handling capability at the receive end, compact
transceiver designs, and high linearity. On the other
hand, gallium arsenide (GaAs) technology takes an edge
regarding noise performance.1,2,3,4,5 There are recently
reported works6,7,8,9 with promising NF for other compet-
itive technologies, that is, SiGe BiCMOS and CMOS. A
comparative noise investigation from DC –60 GHz, using
70 nm GaAs, and 60 nm GaN-on-Si processes, has shown

superior noise performance of the GaAs process for most
of the frequency range.10

Various approaches have been adopted to improve
the noise characteristics for LNA design at the transistor
and circuit levels. Vignesh et al.6 have proposed quasi cir-
culator LNA with the current reused technique to
achieve optimized NF of less than 1.4 dB in X-band using
0.065 μm CMOS technology. Colangeli et al.11 proposed
three-stage LNA using 0.25 μm GaN-on-SiC technology
by exploiting the same current-reuse architecture. The
impedance between the base–collector terminals of
common-emitter HBT is considered by Çalışkan et al.7 to
achieve sub-1 dB NF. Davulcu et al.8 presented the first
triple inductively degenerated cascode SiGe HBT in
X-band. Kumar and Rebeiz9 have proposed X- and K-
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band LNAs with a method of noise match optimization
with respect to the base inductor in a 0.18 μm SiGe HBT
technology. Cao et al.12 have proposed a pole converging
technique to improve the noise figure (NF) over a broad
range from 8 to 12 GHz using 0.13 μm CMOS technology.
Zailer et al.13 have demonstrated a method based on tran-
sistor size selection, that is, Cgs and simultaneous bias, to
minimize the difference between NF and NFmin using
0.13 μm CMOS inductive source degenerated (ISD) cas-
code LNA. Sabzi et al.14 have used a parallel design tech-
nique using 0.1 μm GaAs pHEMT technology to improve
linearity and NF. Along with enhancing gain and linear-
ity, they have achieved a low NF by optimizing the base
inductor and placing an additional inductor between the
second and third stages. Dai15 proposed a novel modified
complementary current-reused LNA using a forward
body bias technique based on 0.18 μm RFSOI CMOS
technology. Noise performance is improved by minimiz-
ing the body leakage by employing a diode-connected
MOSFET forward bias. Sabzi et al.16 demonstrated the
reduction in overall NF in multistage LNAs by optimiza-
tion of the first stage along with improvement in gain
and input matching.

Improving the NF for GaN-based LNAs and making
it close to GaAs has always been challenging. Various
efforts have been made to improve and address the per-
formance parameters of GaN-based LNAs, including line-
arity, robustness, recovery time, and NF.2 Although
sub-1.5 dB NF has been reported4,17,18,19,20 for K- and Ka-
bands, GaAs comparative NF at X-band for GaN technol-
ogy remained a challenge. Ya�gbasan and Aktu�g21

reported 1.6 dB NF using 0.25 μm GaN-on-SiC technol-
ogy for 8–11 GHz. Recently,22 sub-1.5 dB NF is reported
in X-band using 0.09 μm GaN-on-SiC technology.

In this work, we designed 2-stage X-band LNAs with
two different topologies based on 0.15 μm GaN-on-SiC tech-
nology. LNA-1 comprises inductively source degenerated
(ISD) HEMTs at both stages, while LNA-2 is designed using
ISD HEMT for the first stage only. ISD topology is used in
LNA design to achieve a simultaneous match condition for
source and optimum noise impedance, ensuring minimum
NF and maximum gain.23,24,25,26,27,28 In this study, a mea-
surement model of common source (CS) HEMT is used to
determine the value of the source degenerated
(SD) inductor by measuring the input capacitance (Cin).
The effect of using ISD topology for both stages (LNA-1)
and first stage only (LNA-2) on the overall NF has been
analyzed in detail. It is shown that LNA-1 having ISD
HEMTs at both stages demonstrates better NF than LNA-2
having ISD HEMT at the first stage while CS HEMT at the
second stage. In this work, role of the stabilization tech-
niques in improving the performance parameters has been
demonstrated for the first time. Resistive stability networks
lead to maximum available gain (MAG) drop and mini-
mum noise figure (NFmin) increase. Stability networks are
designed in such a way to minimize this effect for in-band
frequencies. Moreover, the S-probe utility of PathWave
Advanced Design System (ADS) from Keysight Technolo-
gies, Inc. (Santa Rosa, CA 95403, USA) is used to ensure
the stability of the device after the complete design.

To the best of the authors' knowledge, for LNA-1, NF
less than 1.2 dB is the best reported for X-band GaN-
based designs to date. Moreover, this NF value is better
than most state-of-the-art X-band LNAs reported using
GaAs, SiGe BiCMOS, and CMOS technologies as com-
pared in Table 1. This study is a valuable contribution
toward the efforts where GaN LNAs NF becomes even
better than GaAs LNAs in X-band.

TABLE 1 A comparison of designed MMIC with the recently reported competitive technologies at X-band

Ref. Freq. (GHz) NF (dB) IRC (dB) ORC (dB) Gain (dB) Lg (μm) Technology

Çalışkan et al.7 8–12 <1 <�9 <�24 >10 0.13 SiGe

Davulcu et al.8 8–12 <1.6b <�10b <�10b >18 0.13 SiGe

Kanar et al.9 6.4–11 <1.3b <�6b <�2b >21 0.18 SiGe

Zuo and Sun29a 8–12 <2.5 <�10 <�10 >30 0.25/0.45 GaAs

Xie et al.30 8–10 <1.4 <�8 <�8 >25 0.15 GaAs

Wang et al.31 10.7–13.1 <1.7b <�8b <�8b >17b 0.15 GaAs

Zhou et al.32 8–12 <1.8 <�15b – >24 – GaAs

Vignesh et al.6 8–12 <1.4 <�10b <�10b >25b 0.065 CMOS

Cao et al.12 8–12 <3.6 <�9b <�16b >13 0.13 CMOS

Ma et al.33 7.4–11.4 <3.8 <�12 <�8b >23.5 – CMOS

This work (LNA-1) 8–11 <1.2 <�10.3 <�10.1 >16.8 0.15 GaN

aSimulation-based.
bEstimated values from figures.
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Another novel aspect of the article is demonstrating
the simultaneous matching of power and gain for ISD
HEMTs to achieve a higher output power at 1-dB com-
pression point (P1dB) and third-order intercept point
(OIP3). In this context, power and gain load-pull con-
tours have been shown in Section 2.1, while LNA's P1dB
and OIP3 results are discussed in Section 3.

2 | LNA MMICS DESIGN

2.1 | HEMTs' characterization and
selection

Active and passive devices are fabricated using NANO-
TAM's 0.15 μm GaN-on-SiC technology. The device and

MMIC's fabrication process is discussed in detail in the
authors' earlier works.34,35,36 Small-signal and noise char-
acterization for HEMTs and MMICs are performed using
PNA-X from Keysight Technologies, Inc. (Santa Rosa, CA
95403, USA), ZVA40 from Rohde & Schwarz (München,
Germany), and RF and DC probes from GGB industries
Inc. (Naples, FL 34104, USA). AMCAD Engineering's
(Limoges 87 068, France) IVCAD software, Maury's
(Maury Microwave Technologies, Ontario, CA 91764,
USA) tuners, and FormFactor's (FormFactor Inc., Liver-
more, CA 94551, USA) probe station are additionally
used for large-signal characterization.

Two HEMTs have been characterized for the pro-
posed LNAs design, both 4 � 75 μm periphery, one with
CS and the other with ISD topology. The layouts of both
HEMTs are shown in Figure 1. From the small-signal

FIGURE 1 Layout of

(A) 4 � 75 μm CS HEMT and

(B) 4 � 75 μm ISD HEMT

FIGURE 2 Γopt and Γin of (A) 4 � 75 μm CS HEMT and (B) 4 � 75 μm ISD HEMT

ZAFAR ET AL. 3 of 13
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measurements of the CS HEMT, Cin is measured as
0.3 pF in X-band. Therefore, an SD inductor of 0.75 nH is
designed and modeled in ADS to resonate with Cin, mov-
ing the input impedance closer to the resistive part of the
smith chart.

Figure 2 shows input impedance (Γin) and opti-
mum noise impedance (Γopt), denoted by Gin and
Gopt. An advantage of using ISD HEMTs for design-
ing low noise amplifiers is that Γin becomes the con-
jugate of Γopt, as evident from Figure 2. It allows the
designer to match NF and input reflection coefficient
(IRC) simultaneously. Another advantage of using
ISD topology is the stabilization of HEMT with
a minimum increase in NF, which is the main

parameter of an LNA design. The stability in the
high-frequency range is achieved with the help of a
stability resistor at the output drain bias line, while
the lower frequency band stabilization is done with
the help of gate and drain bias line bypass capacitors.
On the other hand, CS HEMTs are not easy to stabi-
lize without introducing a resistive network at the
input, which leads to increased NF. This is the main
reason for choosing ISD HEMTs, particularly at the
first stage in the presented designs. This design
aspect will be discussed in further detail in
Section 2.2.

Figure 3 shows the MAG and NFmin curves for CS
and ISD HEMTs. The gain for CS is more than ISD

FIGURE 3 MAG and NFmin of (A) 4 � 75 μm CS HEMT and (B) 4 � 75 μm ISD HEMT for 12 V, 200 mA/mm

FIGURE 4 Load pull contours for (A) 4 � 75 μm CS HEMT and (B) 4 � 75 μm ISD HEMTs at 10 GHz for 12 V, 200 mA/mm

4 of 13 ZAFAR ET AL.
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topology, while there is a slight variation in NFmin.
Figure 4 shows the large-signal characterization where
the load circles and gain circles for maximum output
are close to each other in the case of ISD HEMT. This
gives another advantage of simultaneously matching
the output for maximum gain and power performance.
This way, an improved P1dB value and a better output
reflection coefficient (ORC) are achieved. Higher P1dB
leads to better output OIP3, leading to improved linear-
ity of the LNA. Despite the lower gain, ISD HEMT is
an obvious choice to achieve a low NF in an LNA
design due to abovementioned advantages. The

reduction of NF in a multistage LNA design will be dis-
cussed in Section 2.2.

2.2 | MMICs design

Two 2-stage LNA MMICs are designed, namely LNA-1
and LNA-2. LNA-1 has 4 � 75 μm ISD HEMTs at both
stages, while LNA-2 has the same HEMT at the first stage
while 4 � 75 μm CS HEMT at the second stage. The con-
tribution of each stage towards NF in both designs and
its impact on overall NF is explored. Figure 5A,B shows

FIGURE 5 Schematic diagram of (A) LNA-1 having ISD HEMTs at both stages (B) LNA-2 having ISD HEMT at the first stage and CS

HEMT at the second stage

FIGURE 6 Stability parameters of the ISD HEMT (A) without any stabilization network (B) with stability network at the drain side

(C) with overall input and output stability networks

ZAFAR ET AL. 5 of 13
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schematic diagrams of the proposed LNA-1 and LNA-2,
respectively.

2.2.1 | HEMTs stabiltity, NFmin, and MAG

The stability of the HEMT is determined by three
parameters, namely stability (K) factor, μ, and μ0. The
stability parameters of the ISD-HEMT are shown in
Figure 6A. For the frequencies greater than 2 GHz,
ISD-HEMT at the first stage is stabilized using the net-
work containing Lbd, Rs, Cbd1, and Cbd2 (Figure 5A)
toward the drain side, as shown in Figure 6B. Further
stability for the lower frequencies is achieved using
Li2, Libg, and Cibg. Figure 6C shows that the condition
for unconditional stability is fulfilled for lower fre-
quencies. The increase in NFmin after stabilization is
only 0.16 dB, while MAG is dropped by 0.8 dB only, as
evident from Figure 7. A similar procedure is adopted

to stabilize the HEMT used for the second stage
of LNA-1. RGB is a high value (1 kΩ in this design)
first-stage gate bias resistor used to enhance the surviv-
ability and does not affect the RF performance.37 The
significance of the RGB in terms of survivability is dis-
cussed in one of the authors' earlier works.34

Figure 8A shows the stability parameters of CS
HEMT without any stabilization network. Referring to
Figure 5B, CS HEMT at the second stage is stabilized
using a resistive network, Rs1, and Rs2, toward the gate
side, along with bias capacitors and part of the match-
ing networks containing Logb, Cobg, Lbd, Cobd, and
Lo1. Figure 8B shows the fulfillment of the condition
for unconditional stability. NFmin is increased to 4.2 dB
at 8 GHz, while MAG is dropped to 11.6 dB, as shown
in Figure 9. The increase in NFmin in the case of CS
HEMT is more than ISD-HEMT due to the resistive sta-
bility network towards the gate side. This is one of the
reasons to use ISD-HEMT at the first stage for both

FIGURE 7 NFmin and MAG after stabilization of ISD HEMT

FIGURE 8 Stability parameters of the CS HEMT (A) without any stabilization network (B) with overall input and output stability

networks

FIGURE 9 NFmin and MAG after stabilization of CS HEMT

6 of 13 ZAFAR ET AL.
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LNA-1 and LNA-2. Although the contribution in over-
all NF due to the second stage is less, as evident from
(1), it still contributes around 0.3 dB to the overall NF
for LNA-2.

F ¼F1þF2�1
G1

ð1Þ

Here F is the NF of the overall system, while F1 and G1

are NF and gain of the first stage, respectively, while F2 is
the NF of the second stage.

Figures 6C and 8B show that the K, μ, and μ0 stability
parameters are close to 1. In order to ensure that there
are no even-mode oscillations after completion of the
whole design, another technique of the S-probe tool in
ADS is used for both LNA-1 and LNA-2. This analysis is
discussed in detail in Section 2.2.3.

A slight increase in NFmin after stabilization is an
indication of a good choice of ISD-HEMT for the first
stage, in particular for both designs.

2.2.2 | MMICs' simulation results

After achieving unconditional stability, matching net-
works are completed at the input, output, and inter-stage.
The stability networks discussed in Section 2.2.1 are addi-
tionally serving the purpose of matching as well as gate
and drain bias. This leads to a compact and efficient
design. For LNA-1 and LNA-2, the components other
than stability networks in Figure 5 complete the input,
output, and inter-stage matching networks.

Electromagnetic (EM) simulations are performed
using ADS. Simulations for LNA-1 result in an over-

FIGURE 10 Small-signal simulated gain, IRC, ORC, and NF of (A) LNA-1 (B) LNA-2

FIGURE 11 The

impedances seen at the gate and

drain side of the HEMTs using

S-probe for (A) LNA-1

(B) LNA-2

ZAFAR ET AL. 7 of 13
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all IRC < �8.9 dB, ORC < �10.2 dB, NF < 1.4, and
gain > 16.8 dB from 8 to 11 GHz, as evident from
Figure 10A. For LNA-2, as shown in Figure 10B, sim-
ulated IRC < �11.4 dB, ORC < �12.6 dB, NF < 1.7,
and gain > 17.7 dB are achieved in the desired fre-
quency band. To achieve these results, it is important
to mention that all the matching networks must be
tuned and optimized simultaneously. The reason is
that the matching networks affect each other due to
smaller HEMTs peripheries and thus having little
reverse isolation.

2.2.3 | MMICs' stabiltity consideration

The even-mode stability analysis of the complete layout
of the MMIC is performed using the S-probe tool of ADS.
Condition for any even-mode oscillation is checked by
calculating the impedances toward and away from the
gate and drain side of the HEMTs at both stages, as
shown in Figure 11.

The condition for oscillations is defined by the follow-
ing set of equations38,39,40:

z1 ¼ Re Z1þZ2ð Þ, fð Þ<0 ð2Þ

z2 ¼ Im Z1þZ2ð Þ, fð Þ¼ 0 ð3Þ

∂z2=∂f >0 ð4Þ

where Z1 and Z2 are impedances seen towards and away
from the gate and drain side of the HEMTs. In order for
the oscillations to occur, the conditions in (2), (3), and
(4) should simultaneously be satisfied at a particular
frequency. For the oscillations to occur, if z1 is negative
at a particular frequency, there must be a zero-crossing
for z2 with a positive slope. Figures 12 and 13 show
that z1 is always positive all gates and drains of the
designed LNAs. Hence, the condition for even-mode
oscillation is not satisfied for any of the stages in
LNA-1 and LNA-2, ensuring the stability of the devices.
As discussed in Section 2.2.1, the stability parameters
were kept close to 1 during the design process to have
a minimum decrease in MAG and a minimum increase
in NFmin. Therefore, the S-probe analysis gives the
designers an added advantage in solving any oscillation
issue before fabrication.

FIGURE 12 LNA-1 even-mode oscillations conditions check at (A) the gate of the first stage HEMT (B) drain of the first stage HEMT

(C) gate of the second stage HEMT and (D) drain of the second stage HEMT
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3 | FABRICATION RESULTS AND
DISCUSSIONS

A microphotograph of the fabricated MMIC is shown in
Figure 14. Figure 15A and B show the small-signal and
noise measurement results of fabricated LNA-1 and LNA-
2 MMICs, respectively. LNA-1 results in gain > 16.8 dB,
IRC < �10.3 dB, ORC < �10.1 dB, and NF < 1.2 dB, while

for LNA-2, NF < 1.7 dB, IRC < �11.6 dB, ORC < �9.2 dB,
and gain > 17.2 dB is achieved. Transistors at both stages
for LNA-1 after stabilization have only 1 dB NFmin, result-
ing in an overall NF of 1.2 dB, the best-reported X-band
design with two or more stages to the best of the authors'
knowledge. For LNA-2, as discussed in Section 2.2, NFmin

for the second stage CS HEMT after stabilization is 4.2 dB,
thus increasing the overall NF to 1.7 dB. One advantage of

FIGURE 13 LNA-2 even-mode oscillations conditions check at (A) the gate of the first stage HEMT (B) drain of the first stage HEMT

(C) gate of the second stage HEMT and (D) drain of the second stage HEMT

FIGURE 14 Microphotograph of (A) LNA-1 having ISD HEMTs at both stages (B) LNA-2 having ISD HEMT at the first stage and CS

HEMT at the second stage

ZAFAR ET AL. 9 of 13
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FIGURE 15 Measured gain, IRC, ORC, and NF of (A) LNA-1 (B) LNA-2

FIGURE 16 P1dB of fabricated (A) LNA-1 (B) LNA-2 at 8 GHz, 10 GHz, and 11 GHz for 12 V 200 mA/mm

FIGURE 17 OIP3 of fabricated (A) LNA-1 (B) LNA-2 at 8 GHz, 10 GHz, and 11 GHz for 12 V 200 mA/mm

10 of 13 ZAFAR ET AL.
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using CS HEMT in LNA-2 is higher gain than LNA-1 but at
the cost of higher NF. To conclude, the choice of ISD-
HEMT in subsequent stages of a multistage LNA design is
desirable to achieve low NF values. Gain compensation
may be achieved by increasing the number of stages,
although at the cost of the size.

P1dB for LNA-1 and LNA-2 is shown in Figures 16
and 17, respectively. A noticable difference of higher P1dB
for LNA-1 with ISD HEMT is evident compared to LNA-
2 with CS HEMT at the second stage. Similar results for
OIP3 measurements are achieved with LNA-1 having a
higher OIP3 value, as shown in Figure 17. Table 2 shows
the comparative analysis of this work with recently pub-
lished X-band LNAs. Both LNA-1 and LNA-2 have prom-
ising values of NF, gain, IRC, ORC, P1dB, and OIP3.
LNA-1 has the best reported NF in X-band compared
with published designs using 0.25, 0.15, and 0.09 μm
technologies.

4 | CONCLUSION

This article demonstrates two GaN-based X-band LNAs
using 0.15 μm technology. ISD HEMTs, easy to stabilize
and maintain a low NFmin after stabilization, are proven to

be an optimum choice for all the stages in a multi-stage
design to achieve overall low NF. Moreover, through simul-
taneous match conditions for ISD topology, minimum noise
and a low IRC are achieved at the same time. Before fabri-
cation, S-probe analysis is performed in ADS to check for
any even-mode oscillation. LNA-1 achieves sub-1.2 dB NF
and IRC better than �10.3 dB due to optimized stability
networks and matching techniques. Small signal
gain > 16.8 dB, ORC < �10.1 dB, P1dB > 21 dBm, and
OIP3 > 31 dBm for LNA-1 are achieved. LNA-2 having ISD
HEMT at the first stage and common source (CS) at the sec-
ond stage obtains NF < 1.7 dB and IRC < �11.6 dB. More-
over, gain > 17.2 dB, ORC < �9.2 dB, P1dB > 21 dBm, and
OIP3 > 27 dBm for LNA-2 are obtained. Sub-1.2 dB NF of
LNA-1 is best for GaN-based X-band LNAs reported to date
to the best of the authors' knowledge. This NF value is com-
parable with other competitive GaAs and SiGe technologies
known for best noise performance.
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TABLE 2 A comparison of designed MMIC with the recent GaN-based works at X-band

Ref. Freq. (GHz) NF (dB) Gain (dB) IRC (dB) ORC (dB) P1dB (dBm) OIP3 (dBm) Lg (μm)

Micovic et al.41 4–16 <2.0 >11 <�10 <�8 – 24 0.15

Kobayashi et al.42 9–11 <2.2 >13.5 <�11 <�5 – 29.5–34.5 0.15

Zafar et al.34 8–11 <2.0 >19 <�9 <�11 >19 30.5–34.2 0.15

Colangeli et al.43 8.4–10.6 <2.3 >25 <�10b <�12b – – 0.25

Kazan et al.44 8–11 <2.0 >22 <�9 <�5 – 24–29 0.25

Kim and Ga o45 8–11 <2.2 >25 <�8b <�10b 16 26 0.25

Janssen et al.46 8–11b <2.3 >16 – – – – 0.25

Bettidi et al.47 8–11 <2.5 >17 <�10b <�8.5b >17 – –

Andrei et al.48 7–12 <2.5 >14 <�5b <�5b 20 28 0.25

Chang et al.49 9.7–12.9 <2.1 >20 <�2b <�7b – 32 0.25

Helali et al.50a 8–12 <2.4 >20 <�4 <�3 – – –

Vittori et al. (LNA A)51 8–10 <1.3 >24 <�2 <�4 21b 33.8 0.25

Vittori et al. (LNA B)51 10–12 <1.75 >24.4 <�10 <�12.5 20b 32.8 0.25

Angelo et al.52 7.4–11.4 <1.6 >23 <�10 <�10 23 – 0.25

Schuh and Reber53 8–12 <1.8 >14 – – – 19.5 0.25

Ya�gbasan and Aktu�g21 8–11 <1.6 >22.5 <�10 <�8 12 24 0.25

Kobayashi et al.22 9–11 <1.5 >13.5 <�10 <�8b – 33–36 0.09

This work (LNA-1) 8–11 <1.2 >16.8 <�10.3 <�10.1 >21 31–34 0.15

This work (LNA-2) 8–11 <1.7 >17.2 <�11.6 <�9.2 >17 27–30 0.15

aSimulation based.
bEstimated values from the figures.
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