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Abstract

This paper employs the 0.2 pm ETRI GaN HEMT process on SiC to develop a Ku-band GaN low-noise amplifier monolithic micro-

wave integrated circuit (MMIC) characterized by high-input power robustness for radar transceiver modules. A source degeneration in-

ductor is employed to obtain the proposed amplifier’s stable operation and the compromised impedance trajectory of the maximum availa-

ble gain and minimum noise figure. The analysis results show simultaneous gain and noise impedance matching, achieved using only a

small number of passive elements. Furthermore, the proposed low-noise amplifier MMIC secures a linear gain of 21.3-22.6 dB, an input
return loss of 19.6-21.4 dB, and a noise figure of 1.7-1.8 dB in the 15-16 GHz frequency range. It also exhibits an input 1 dB compres-
sion point of 0.4-1.5 dBm in the single-tone power test, and an input third-order intercept point of 5.8-10.1 dBm within the 15-16 GHz

frequency range in the two-tone intermodulation distortion test.
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I. INTRODUCTION

Microwave low-noise amplifiers are widely used in transceiver
modules for military and civilian radar and communication sys-
tems. Notably, low-noise amplifiers in military systems must
withstand high power and possess low-noise characteristics over a
wide frequency range. To meet these requirements, low-noise
amplifiers using GaN high electron mobility transistors (HEMTs)
on SiC, which have a higher breakdown voltage, higher electron
velocity, and better thermal conductivity than Si or GaAs devices,
have been extensively researched [1, 2]. While GaAs pseudomor-
phic HEMTs (pHEM ), characterized by low operating voltage,
high electron mobility, and high maximum operating frequency,
are actively used in transceiver modules, they require the applica-
tion of additional limiters to block leaked power from the trans-
mitter and to protect the receiver circuit from unwanted high-
input power, which adversely affects both the size reduction of the
module and the necessary low-noise performance. This drawback

has contributed to a recent research trend focused on using GalN
HEMTs on SiC in the receiver module [3-8].

This study designs and fabricates a GaN low-noise amplifier
monolithic microwave integrated circuit (MMIC) for a Ku-
band RF transceiver module. To achieve this, a 0.2 um GaN
HEMT on SiC obtained from the Electronics and Telecom-
munications Research Institute (ETRI) was utilized, while the
transistor was stabilized using the source feedback technique by
adding an inductor to the source of the transistor. This allowed
for a favorable impedance trajectory marked by high-gain
matching and low-noise matching [9, 10]. However, while the
source inductance improved the stability of the transistor, it also
degraded the available gain and noise figure. As a result, this
study chose to focus on the optimal inductance for the target
frequency region to minimize gain reduction and alleviate the
difficulty involved in impedance matching. Therefore, this paper
presents the design and measurement results of a Ku-band,

highly robust GaN low-noise amplifier MMIC equipped with a
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source feedback inductance fabricated using the 0.2 pm GaN
HEMT process presented by ETRI.

II. CIRCUIT DESIGN

1.The 0.2 um GaN HEMT

The GaN HEMT on SiC utilized in this study featured a
gate length of 0.2 um, and a gate width of 4 pm x 50 pum, and
could operate up to 26 GHz. Considering the bias conditions of
Vps = 20 V and Ips = 20 mA, the maximum available gain
(MAG) and minimum noise figure at 50 Q in the Ku-band
(15-16 GHz) of the destabilized transistor were expected to be
12.41-12.67 dB and 1.85-1.99 dB, respectively. The extrapolated
transistor cutoff frequency frand maximum oscillation frequency
Jfmaxat the bias point were 31.7 GHz and 70.3 GHz, respectively.
Furthermore, the 2 pm x 100 pm test transistor used for process
control monitoring had a breakdown voltage of more than 170 V
and a maximum gate-to-source voltage of 0 V.

For low-noise amplification, the 4 pm x 50 pm and 4 pum x
100 um GaN HEMTs were available from ETRI. Since the for-
mer offered a better noise figure by about 0.2 dB in the Ku-band
than the latter, the 4 um x 50 pm transistor was chosen as the
amplifying device in this study, despite the 2 dB MAG reduction.

The design specifications of the proposed low-noise amplifier
MMIC had to ensure attaining a linear gain of 15 dB or more
and a noise figure of 2.8 dB or less, as shown in Table 1. Notably,
the capacitor in the circuit design was replaced with an equiva-
lent circuit model extracted from the measured data, while the
inductor and other matching elements were modeled using
Keysight ADS 2.5D electromagnetic momentum simulations.

The S-parameter data at Vps= 20 V and Ips= 20 mA indi-
cated that the transistor was unstable in the Ku-band. Before
proceeding with the gain and noise simulation, the stable opera-
tion of the transistor had to be secured. Therefore, for transistor
stabilization, an inductive component was added to the source of
the transistor by inserting a microstrip line between the transis-
tor source and the ground, as shown in Fig. 1. Notably, a mi-
crostrip line inductor was utilized, as it was found to be more
effective in the Ku-band than loop or spiral inductors with re-
gard to self-resonance and size reduction.

Fig. 2 depicts the variations in the MAG, the noise figure at
50 Q, and the stability factor (K), while Fig. 3 presents the
changes in the input/output reflection coefficients and optimal
noise impedance in the Ku-band with an increase in the source
inductance up to 1.5 nH. It is evident that with an increase in
source inductance in the Ku-band, the stability factor K im-
proved, but the noise figure at 50 Q decreased, owing to the fact
that the optimum noise source impedance had approached 50 Q.
The MAG was observed to be slightly reduced as well. This
indicates that with proper source inductance, an impedance tra-
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Table 1. Design specifications of the Ku-band GaN low-noise amplifi-

er MMIC
Parameter Value (mm)
Frequency (GHz) 15—16
Linear gain (dB) =15
Noise figure (dB) <238
Input return loss (dB) =10
Size (mm?) 1.66 x 1.16
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Fig. 1. The impedance trajectories of the optimal gain and minimum

noise figure of the 4 x 50 um transistor with 1.4 nH source
feedback.
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Fig. 2. Variation in the maximum available gain (MAG), noise figure
(NF) at 50 Q, and stability factor (K) of the 4 x 50 pum transis-
tor with an increase in the source inductance up to 1.5 nH (bias

conditions: ¥ps =20V and Ips= 20 mA).

jectory that balances the overall performance of stability, gain,
and noise figure while minimizing the required number of pas-
sive elements in the matching circuit can be obtained. In this
study, the microstrip lines used in all three stages of the designed
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amplifier had a line width of 25 pm and a length of 200 pm,
which is equivalent to an inductance of approximately 1.4 nH,
including a via-hole inductance.

2. Matching Circuit

Fig. 1 illustrates the gain circle and noise circle at 16 GHz,
including the impedance trajectories for the optimal gain and
minimum noise figure between the 14-18 GHz frequency band,
on inserting the microstrip line into the transistor source.

The optimal gain impedance (ZsGan) and noise source im-
pedance (Zsnr) at 16 GHz were 11.51 + ;23.09 Q and 40.72 +
737.50 Q, respectively. The corresponding gain and noise figure
achieved with Zgsg.n were 9.66 dB and 2.37 dB, while those
achieved with Zsnr were 8.18 dB and 1.37 dB, respectively.
Subsequently, the compromised optimal source impedance
(Zsopr= 20.3 + ;26.4 Q) and load impedance (Zr,opr = 36.0
+ j74.8 Q) were selected to balance the gain and noise figure.
The expected gain and noise figure at these impedance condi-
tions were approximately 9.4 dB and 1.7 dB, respectively.

To obtain a high gain, the proposed Ku-band low-noise ampli-
fier was designed based on a three-stage cascaded common-
source configuration, the schematic circuit diagram for which is
depicted in Fig. 4. The same bias conditions were applied to each
stage, while a gate bias voltage was shared through 250 Q gate
resistors and bypass capacitors to ensure stability. Furthermore, RF
choke inductors and resistor-capacitor shunt trap circuits were
inserted into the drain bias circuit to suppress low-frequency os-
cillation, and 2.5 Q series resistors were employed to connect the

drain bias and prevent additional loop feedback [10, 11].

14~18 GHz

—0— Sll
—— S

S opt

e o

Fig. 3. Variations in the input, output, and optimum noise imped-
ance trajectories of the 4 x 50 um transistor with an increase
in the source inductance up to 1.5 nH (bias conditions: Vns =

20V and Ips =20 mA).
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Fig. 4. Schematic circuit diagram of the proposed Ku-band low-noise
amplifier.

Fig. 5 shows the impedance trajectories of the input, output,
and inter-stage matching circuits on a Smith chart. The input
and output matching circuits managed to move the complex
conjugate source impedance (Zsopr1*) of the first-stage transis-
tor to 50 Q and the complex conjugate load impedance
(Z10p15*) of the third-stage transistor to 50 ), respectively.
Subsequently, when the input matching circuit was connected to
the first-stage transistor, the inter-stage matching circuit be-
tween the first and second stages moved the output impedance
(Zoury) of the first transistor to the complex source impedance
(Zsoprp) of the second-stage transistor. Furthermore, when the
input matching circuit and inter-stage matching circuit between
the first and second stages were applied to each stage, the inter-
stage matching circuit between the second and third stages
moved the output impedance (Zoutz) of the second transistor
to the complex source impedance (Zsoprs) of the third-stage
transistor. Finally, the matching circuit design was completed by
fine-tuning the circuit performance.

Fig. 6 shows a photograph of the fabricated Ku-band GaN
HEMT low-noise amplifier MMIC, which occupied an area of
1.66 mm x 1.16 mm. The MMIC chip was attached to an alu-
minum carrier using a silver epoxy process for on-wafer meas-
urement.

III. MEASUREMENT

Figs. 7 and 8 display the S-parameter and noise measurement
results of the low-noise amplifier MIMIC under the bias condi-
tions of Vps = 20 V and Ips = 84 mA, respectively. The §-
parameter measurement was performed using the cascade on-
wafer probe system and the Keysight network analyzer (N5230A).
Meanwhile, for noise measurement, the noise source (N4002A)
and Keysight signal analyzer (N9030B) were employed. The in-
put return loss S11 was measured to be 19.6-21 dB and the output
return loss Sy was 9-12 dB in the frequency range of 15-16 GHz.
Compared to the simulation results in the target frequency band,
S11 exhibited an improvement of about 5 dB while S, degraded
by about 10 dB. The gain in the target frequency band was
21.3-22.6 dB, indicating a 1-dB reduction in gain on using the
proposed amplifier MMIC, while the noise figure was 1.7-1.8 dB,

which was a 0.4 dB improvement over the simulated results.
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Fig. 5. Impedance trajectories of input, output, and inter-stage matching circuits (frequency range: 14.5-16.5 GHz). (a, b) Input and output match-
ing impedance trajectory. (c) Inter-stage matching impedance trajectory between the first and second stages. (d) Inter-stage matching im-

pedance trajectory between the second and third stages.

Fig. 6. The fabricated Ku-band low-noise amplifier MMIC.

Fig. 9 shows the measurement analysis results of the Ku-band
low-noise amplifier MMIC. The circles in the figure represent
the gain circles for a contour step of 0.1 dB and noise circles for
a contour step of 0.2 dB in the 4 x 50 um transistor at 16 GHz.

The figure is an enlarged version of Fig. 1, with the designed
input matching impedance (Zn;rri,smuL*) and estimated input
matching impedance (Zntripmeas”) obtained from the meas-
urement of the first-stage transistor simultaneously plotted on it.
To explain the difference between the designed and estimated
input matching impedance results, a capacitance change of
about 10% was assumed due to the process variation, while the
2.5D electromagnetic simulation results were considered for
other passive components. Furthermore, owing to an increase in
the primary capacitance of the equivalent capacitor model, the
debugging impedance trajectory (Zinripesuc’) was found to
be similar to the actual measured results. At an impedance of
Zin;TR1,DEBUG™, the gain degraded by about 0.8 dB and the noise
figure improved by about 0.4 dB. Notably, the discrepancy be-
tween the simulated and measured results can be partly ex-
plained by variations in the dielectric deposition process that
result in an impedance shift toward a region of better noise and

poorer gain.
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Fig. 9. Measurement analysis results of the Ku-band low-noise am-

plifier MMIC.

Fig. 10 presents changes in output power and power gain as
functions of the input power at 15,15.5,and 16 GHz under bias
conditions of Vps= 20 V and Ips= 84 mA. At 15 GHz, the
output 1-dB compression point (P14s) was measured to be 24.3
dBm at an input power of 1.5 dBm. Furthermore, according to
the results of a full power test, the fabricated amplifier could
endure an input power of about 7 dBm, which corresponds to
an approximate compression point of 4.5 dB. However, when
the input power exceeded 7 dBm, the power test identified the
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occurrence of gain degradation. Notably, the power-handling
capability of the proposed amplifier could be improved to some
extent by increasing the device size in the final amplifying stage.
Fig. 11 depicts the measured results of the third-order inter-
modulation distortion product (IMDs) at 15,15.5, and 16 GHz
when two-tone signals with a frequency interval of 50 MHz
were applied to the proposed low-noise amplifier MMIC [12].
The input third-order intercept point (IIP3), estimated from the
IMD; component with frow = 15.05 GHz, fiign = 15.1 GHz,
and 2fiow - fiigh = 15 GHz, was 8.1 dBm, while the output
third-order intercept point (OIPs) was 33.3 dBm.

Table 2 lists the measured Pigs, power gain, and IIP; charac-
teristics of the low-noise amplifier MMIC within the 15-16
GHz frequency range, with the output Pigp being more than 20
dBm and ITP; measured at 5.8-10.1 dBm. Table 3 compares the
results of this study with those of other published low-noise
amplifier MMICs using GaAs or GaN HEMTs, establishing
that the fabricated Ku-band GaN HEMT low-noise amplifier
MMIC delivers excellent performance in terms of noise, circuit
compactness, and power robustness [13-20].

IV. CONCLUSION

This study designed, fabricated, and evaluated a Ku-band
GaN low-noise amplifier MMIC using ETRI’s 0.2 pm GaN
HEMT on SiC process. A source degeneration inductance was
inserted into the transistor to induce the feedback effect re-
quired to improve stability and optimize the design impedance.
It also allowed for the use of simple matching circuits and min-
imized chip size. The fabricated low-noise amplifier MMIC
exhibited a linear gain of 21.3-22.6 dB, a noise figure of 1.7-1.8
dB, an input return loss of 19.6-21 dB, an output P1dB of more
than 20 dBm, and an output IP3 of approximately 27.6-33.3
dBm in the 15-16 GHz frequency range. These results indicate
that the low-noise amplifier MMIC proposed in this work has
the potential to play a pivotal role in the development of Ku-
band military radar transceiver modules that simultaneously
require high-input power endurance and low-noise performance.

This work was supported by the National Research Coun-
cil of Science and Technology (NST) grant by the Korean
government (MSIT) (No. CRC-19-02-ETRI).

Table 2. Measured results of the input and output Pis, power gain,
and input IP; in terms of frequency

Pijn (ABm) Pigsow (dBm) Gain (dB)  IIP; (dBm)
15 GHz 1.5 243 23.3 10.1
155 GHz 1.0 219 21.8 5.8
16 GHz 0.4 20.2 20.7 7.6
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Fig. 11. Measured third-order intermodulation distortion product (IMD:) of the low-noise amplifier MMIC with two-tone signal input (fivos =
2Atow — frigh, Af =50 MHz): (a) at 15 GHz, (b) at 15.5 GHz, and (c) at 16 GHz.

Table 3. Comparison of the proposed amplifier with previously published Ku-band low-noise amplifier MMICs

Frequency = Gain  Noise figure Input return ~ Piapjn P1ag oue OIP;  DCvoltage (V)/  Size

P

Study (GHz) (dB) dB)  loss(dB)  (dBm)  (dBm)  (dBm)  current(mA) (mm?) oo

Guo & Yao [13] 14—18 >18 2.4 =7 N/A N/A N/A 10/ 76 2.2 GaN
HEMT

Rescactal. [14]  12.8—-148 =20 1.85 >9 13.8 25 N/A 10/2 80  GaN
HEMT

Suijker etal. [15] 14 =>19.8 1.7 =6 N/A =28 N/A 10/ 72 6.0 GaN
HEMT

Laxmiectal [16]  16—18 30 <13 10 N/A 10 20 3/85 45  GaAs
pHEMT

Kong etal. [17] 14.7—17.3 21.3 1.46 N/A —10.8 8.05 N/A 4/5 1.5 GaAs
pHEMT

Aricanetal. [18] 145148 =188 < 09 >12 ~115 48 N/A 1.2/30 63  GaAs
mHEMT

Guptaetal [19] 155-175 25 25 >12 N/A N/A N/A 7/45 63  GaN
HEMT

Mayock etal. [20]  5.5-18 >12 <45 >10 - 10 N/A 12/60 7 GaN
HEMT

This work 15—-16 21.3-226 1.7—18 19.6—21 04—1.5 24.3 27.6—33.3 20/ 84 1.9 GaN
HEMT

N/A=not available. ‘estimated results.
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