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Abstract

In this paper, using the 0.2 pm ETRI GaN HEMT process, we developed a C-band GaN dual-feedback low-noise amplifier MMIC for

an RF receiver module that requires high-input power robustness. By applying a feedback microstrip line at the source of the transistor

and series resistor-capacitor (RC) feedback between the gate and the drain of the transistor, we obtained stable amplifier operation and a

compromised impedance trace for both input impedance matching and noise matching while suppressing performance degradation of the

maximum available gain and minimum noise figure. The developed low-noise amplifier MMIC, which implements simple matching cir-

cuits by using biasing elements as matching elements, had a linear gain of more than 21.4 dB and a noise figure of less than 1.91 dB in the
wide bandwidth of 4.3-7.4 GHz. Under the single-tone power test, the low-noise amplifier MMIC had an output P1dB of 14.3-20.1
dBm, and the two-tone intermodulation distortion measurement exhibited an input third-order intercept point (IIP3) of 2.2-5.6 dBm in

the same frequency range as the above.
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I. INTRODUCTION

In the past, radar receiver modules mostly used GaAs
pHEMT (pseudomorphic high electron mobility transistor)
low-noise amplifiers because they have a highly efficient power
performance due to low voltage operation and a high driving
current capability and exhibit high operation frequency from
their inherent high electron mobility. RF input signals in a
transmitter module are amplified in a high-power amplifier and
are radiated through an antenna, but some of the transmitting
signals are reflected from the antenna and enter a receiver module.
Depending on their power level, such leaked or reentered signals

may cause malfunctions in or fatal damage to the receiver
module. To prevent these unwanted operation results and pro-
tect the receiver module from outside high-power signals, an
additional protection circuit, such as a limiting circuit, is re-
quired to cut off the leaked signals from the transmitter or to at
least reduce their signal magnitude. The additional circuit,
placed in front of a low-noise amplifier in the receiver module,
increases the module size and degrades the noise figure of the
receiver system [1-4].

To overcome these limitations, many recent studies have been
conducted on RF receiver modules using GaN HEMTs. Because
a GaN HEMT has larger breakdown voltage, superior linearity
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at a high-power operation mode, high electron mobility, and
high thermal conductivity compared with Si and GaAs devices,
we did not need additional protection circuits for receiver
protection. In addition, using a GaN HEMT instead of Si or
GaAs devices in the receiver module has sufficient merits in
terms of module compactness and system noise performance
[5-9]. In this paper, we present designed and measured results of
a C-band GalN dual-feedback low-noise amplifier MMIC with
high robustness based on the 0.2 um GaN HEMT process of the

Electronics and Telecommunications Research Institute (ETRI).

II. DESIGN OF C-BAND GAN LOW-NOISE
AMPLIFIER MMIC

1. GaN HEMT

In this work, S-parameter data for a GaN HEMT with gate
fingers of 4 pm X 100 pum, which is measured up to 26 GHz at
the bias conditions of Vg =—3.5V, Vs =20 V, and Ips =
40 mA, were used for simulations. The S-parameter data show
that the maximum available gain is 15.5-18.4 dB and the
minimum noise figure is 0.47-0.78 dB in the C-band frequency
region, with the reference planes on the gate and drain pads.
The cutoff frequency f; and the maximum oscillation frequency
fmax of the transistor were extrapolated from the S-parameter
data and were estimated to be 31.7 GHz and 70.3 GHz, respec-
tively.

Table 1 shows the design specifications of a C-band low-
noise amplifier MMIC that requires a linear gain of 21 dB or
more and a noise figure of 2 dB or below in 5-6 GHz. We used
measured noise parameters in the S-parameter data file for noise
simulation, and, for linear simulation, applied an equivalent
inductor model, which was extracted from electromagnetic
momentum simulation, and an equivalent capacitor model,
which was based on the dielectric properties of the ETRI
HEMT process.

2. Circuit Stabilization

A low-noise amplifier requires a stability factor larger than 1
both within and outside the design frequency band to prevent

Table 1. Design specifications of the C-Band GaN low-noise am-

plifier MMIC
Parameter Value
Frequency (GHz) 5-6
Associated gain (dB) >21
Noise figure (dB) <2
Input return loss (dB) =10
Size (mm) <17 X 17

unwanted circuit instability. However, the S-parameter simula-
tion results of the transistor showed that it was unstable at the
bias conditions of Vg = —3.5V, Vps =20 V,and Ig =40 mA.
To measure the circuit with no oscillation, we first stabilized the
transistor and then proceeded with a design and simulation
procedure of the matching circuits for the noise/gain matching.
The stabilized circuit for the transistor is shown in Fig. 1 and
has a configuration of a source feedback inductor Lg and a
gate-drain shunt feedback RC circuit of the resistor Rr and the
capacitor Cp.

Fig. 2 shows the variation of input, output, and optimum
noise impedance traces via the dual-feedback eftect on a Smith
chart when the transistor is stabilized with the help of the
source inductive feedback and the RC gate-drain shunt feed-
back in Fig. 1. The source inductor Lg, which was implemented
using a microstrip line, improves circuit stability in a higher
frequency region of the operation bandwidth and moves the
impedances at the gate and drain ports of the transistor to the
impedance region close to 50 (2, thus making it easy to obtain
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Fig. 1. Circuit stabilization using the inductive source feedback and

the gate-drain RC shunt feedback.
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Fig. 2. Variation of the input, output, and optimum noise impedance
traces via the dual-feedback effect (D inductive source

feedback, @ gate-drain shunt feedback).
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compromised matching traces for the input impedance matching,
optimum noise matching (S,y), and output impedance match-
ing. The gate-drain shunt feedback circuit of Rp and Cp
improves stability in the lower frequency band and moves the
impedance traces to the impedance region where the impedance
matching is possible only with a small number of passive ele-
ments. Considering the trace of Sy, the output impedance
matching can be implemented only with an inductive shunt
drain bias line and a blocking capacitor. The movement of the
impedance traces via dual feedback makes it easier to achieve
wideband matching and reduces the chip area by decreasing the
number of passive matching elements. While the feedback
circuits of the transistor provide advantages in terms of choosing
the input impedance and optimum noise impedance and secur-
ing circuit stability, they degrade the available gain and noise
figure. To reduce this degradation, we used a minimum-length
microstrip line at the transistor source to provide a minimum
stability factor in the design frequency range, and the same
approach was applied to the gate-drain feedback circuit for the
optimum combination of Rr and Cp. The width and length of
the microstrip lines at the source ports of the transistors in the
first stage and the second stage were 17 pm/250 pm and 25
pm/130 pm, respectively, and the resistors and capacitors of the
first and second stages were 0.5 pF/1.3 k) and 2.5 pF/0.5 kQ,

respectively.

3. Input, Qutput, and Noise Matching Circuit Design

To achieve the design specifications in Table 1, we used a
dual-feedback two-stage configuration for a C-band amplifier
MMIC.

Fig. 3 shows a schematic circuit diagram of the proposed C-
band GaN low-noise amplifier. When the transistor was stabi-
lized by the dual-feedback structure in the C-band frequency

region, the optimum source impedance for the maximum avail-
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Fig. 3. Schematic circuit diagram of the proposed C-band GaN

low-noise amplifier.
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able gain and the optimum noise impedance for the minimum
noise figure of the first-stage transistor were Zg gy = 14.87 +
j38.23 Q and Zgyorsp = 81.75 +731.06 Q at 5 GHz. The
expected available gain was 14.9 dB at the optimum source
impedance, and the expected noise figure was 1.03 dB at the
optimum noise impedance. To proceed with the circuit design,
we needed a compromised impedance for the gain, noise figure,
and input return loss, which we found was 35.05 +;20.28 Q) at
5 GHz. The simulation showed a linear gain of about 13 dB, a
noise figure of 1.3 dB, and an input return loss of more than
10 dB at the compromised source impedance. After the input
impedance, the optimum gain impedance and optimum noise
impedance of the second-stage transistor were investigated in
the same manner, with a newly compromised impedance of
34.61 +;25.93 Q being drawn at 5 GHz. Using the source and
load impedances extracted from each stage, we designed the
input matching circuit of the first stage and the output match-
ing circuit of the second stage, and we then implemented the
interstage matching circuit between the first stage and the second
stage with the input and output matching circuits attached.

To minimize the number of passive matching elements in the
input and output matching circuits, the matching circuits were
composed of inductive drain bias lines, DC blocking capacitors,
and microstrip lines for the interconnection between passive
elements. The interstage matching circuit can provide additional
low-frequency stability by introducing an intentional low-
frequency mismatch, one which decreases the low-frequency
gain while maintaining noise performance.

Because the gate and drain bias conditions of the first stage
were the same as those of the second stage, we used a gate bias
pad and a drain bias pad for the two stages and added a gate bias
resistor of 270 Q) and a drain bias resistor of 2.5 () to suppress a
potential loop feedback oscillation through the pads between
the stages. Also, to prevent unpredictable low-frequency oscilla-
tion, we inserted RC shunt traps into the bias lines. Fig. 4 shows
the designed impedance traces of the input, interstage, and output
matching circuits.

II1. MEASUREMENT RESULTS

Fig. 5 shows a photograph of the C-band low-noise amplifier
MMIC that was fabricated using the 0.2 pum GaN HEMT
process of ETRI. The chip occupies an area of 1.62 mm X 1.62
mm, including RF and DC pads whose positions were fixed for
the direct connection of a whole transceiver chip. The bare chip
was attached on an Al carrier using a silver epoxy for on-wafer
measurement.

Fig. 6 shows simulated and measured S-parameters at Vps =
20 V and Ipg = 41 mA. The on-wafer measurement was
accomplished using a cascade on-wafer probe system and a
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Fig. 4. Impedance traces of the input, interstage, and output matching circuits: (a) input impedance trace, (b) interstage impedance trace
(Zoyrrr1 = 62.2 —;23.2 ), and (c) output impedance trace.

1620 pm

Keysight network analyzer (model N5230). The measured Sx
was 23.9 dB at 6 GHz, which had a very small difference of 0.2
dB compared with the simulated Sx of 24.1 dB. The measure-
ment demonstrated a linear gain of more than 21 dB, an input
return loss of more than 9.5 dB, and an output return loss of
more than 12.2 dB, from 4.3 GHz to 7.4 GHz. Overall, com-
pared with the simulated results, the measured gain and input
return loss shifted upward by about 0.5 GHz, and the input
return loss was slightly degraded.

1620 pm

Fig. 7 compares the measured noise figure of the fabricated

low-noise amplifier with its simulated noise figure. A Keysight
noise analyzer (model N8975A) and noise source (model
Fig. 5. Photograph of the fabricated C-band low-noise amplifier =~ N4002A) were used for the noise measurement, and RF probes

MMIC chip.
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Fig. 6. Comparison of the simulated and measured S-parameter results. Fig. 7. Comparison of the simulated and measured noise figures.
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and cables for the measurement were de-embedded using their
own S-parameters to extract the noise figure of the low-noise
amplifier itself. The simulated and measured noise figures were
1.63 dB and 1.65 dB at 6 GHz. The latter had a ripple of
0.16 dB, which was caused partly by the measurement process
in an open—not shielded—environment. Overall, the measured
noise figure was less than 2 dB in the C-band frequency region.
The measured noise figure exhibited frequency downshifts from
the simulated results, which was a characteristic opposite to
those of the gain and input return loss. This is because the input
impedance trace moved closer to the optimum noise impedance
rather than to the optimum gain impedance, which could be
identified through the improvement of the noise figure in a
lower frequency band.

Fig. 8 shows the variation of the output power and power
gain with the input power at 6 GHz, which had an output 1dB
compression point (P1dB) of 19.4 dBm and a power gain of
22.4dB at P1dB.

The third-order intermodulation distortion (IMD3) measure-
ment was performed using two Keysight signal generators (model
E8267D and E8257D) and a spectrum analyzer (model E4446A)

from 4.5 GHz to 6.5 GHz, with the frequency step of 0.5 GHz.

Fig. 9 shows the measured IMD3 output power at 6 GHz, with
two-tone input signals of fioy, =6.05 GHz and fy;6y = 6.1
GHz applied. The output power at fy;cy and the high-band
IMD3 are not displayed because they are the same as those in
Fig. 9. As shown in Fig. 9, the IMD3 measurement demon-
strated an output third-order intercept point (OIP3) of 25.9
dBm, which corresponded to an input third-order intercept
point (ITP3) of 2.5 dBm.

Table 2 shows the measured results of the power gain, P1dB,
IIP3, and OIP3 from 4.5 GHz to 6.5 GHz with the frequency
step of 0.5 GHz. P1dB was measured to be 16 dBm or more,
and OIP3 was measured to be 25.5 dBm or more, in a whole
frequency region, except at 4.5 GHz.
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Fig. 8. Variation of the output power and power gain of the low-
noise amplifier with the input power (f, =6 GHz).
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Fig. 9. Measured third-order intermodulation (IMD3) results of the
low-noise amplifier at 6 GHz with two-tone input signals
(frow = 6.05 GHz, fycy =6.1 GHz, Af =50 MHz).

Table 2. Measured results of the power gain, P1dB, IIP3, and OIP3

with the frequency

Frequency ~Powergain  P1dB 1IP3 OIP3
(GHz) (dB) (dBm) (dBm) (dBm)

4.5 211 14.3 22 23.3

5 22.8 16 2.7 255

55 23.7 17.5 2.4 26.1

6 23.4 19.4 2.5 259

6.5 22.5 20.1 5.6 281

Table 3 compares our results with those of previously pub-
lished C-band low-noise amplifiers [10-15]. Our fabricated C-
band low-noise amplifier MMIC demonstrated better gain per-
formance than [12] and [14] while maintaining a similar size,
and also showed performance similar to [11] and [13], but
achieved a size reduction of 46% and 27%, respectively. There-
fore, our work shows comparable or superior performance in
terms of the bandwidth, gain, noise figure, and chip area, com-
pared with other previously published works.

IV. CONCLUSION

In this work, a C-band low-noise amplifier MMIC was
designed and fabricated using the ETRI’s 0.2 pum GaN HEMT
MMIIC process. By obtaining stability in both the low-frequency
and high-frequency regions with the dual feedback of the in-
ductive source feedback and the RC gate-drain shunt feedback,
and by implementing a simple matching circuit for the com-
promised impedance trace of the input/output gain matching
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Table 3. Comparison of our work and the previously published C-band low-noise amplifier results

sy T G Nicder e ORI
Andrei et al. [10] 5-6 =12 5.5 7-14 N/A N/A N/A GaN HEMT
Shih et al. [11] 2-5 17.4 1.5-2 7-10 20 N/A 4.86 GaN HEMT
Abounemra et al. [12] 5-6 14 1.3-1.6 12-14.6 22 35 2.55 GaN HEMT
Abounemra et al. [13] 4.5-7 22.5-25.5 1.3-1.8 9-15 24 35 3.6 GaN HEMT
Han and Kim [14] 2-12 15 <3 =13 N/A 20 29 GaN HEMT
Bassal and Jarndal [15] 1-6 14 2.9 2.44 N/A 43 N/A GaN HEMT
This work 4.3-74 21.4-24.4 1.47-191 9.5-14.8 14.3-20.1 23.3-28.1 2.62 GaN HEMT

and optimum noise matching, we reduced the loss of the
matching circuits and achieved wideband performance together
with the small chip area. The fabricated low-noise amplifier
MMIC had an operation bandwidth of 4.3-7.4 GHz, which is
wider than the original design bandwidth of 5-6 GHz, and
achieved a linear gain of 21.4-24.4 dB, a noise figure of 1.47-
1.91 dB, and an input return loss of 9.5-14.8 dB. The power
measurement showed that the output P1dB was 14.3-20.1 dBm,
while the IIP3 was 2.2-5.6 dBm. The fabricated amplifier can
be eftectively used for radar receiver components and modules
that should be able to endure high input power and require a
small form factor.

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