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Abstract: This article presents a 26-30 GHz gallium nitride (GaN) high electron mobility transistor
(HEMT) low-noise amplifier (LNA) for fifth-generation base station applications. In the proposed
design, a series inductor-based stability enhancement technique was utilized to improve the reverse
isolation and stability performance of the amplifier and to mitigate the effect of the parasitic capaci-
tance of the GaN HEMT device. To validate the concept of the design, a three-stage GaN HEMT LNA
was designed and fabricated in a 0.15-um GaN on silicon carbide technology. The demonstrated
design achieved a gain of 20.2 dB, a noise figure of 2.4-2.5 dB, an output 1-dB compression point of
17.2 dBm, and an output third-order intercept point of 32.2 dBm. The design also attained stability (i
criterion) up to 7.7 at the operating frequency. The implemented design consumed power of 320 mW
with a nominal supply of 10 V.

Keywords: fifth generation (5G); gallium nitride (GaN); high electron mobility transistor (HEMT);
low-noise amplifier (LNA); millimeter wave; silicon carbide (SiC); stability

1. Introduction

Recently, the commercialization of millimeter-wave (mmWave) fifth-generation (5G)
new radio (NR) communication has been actively attempted in various countries to cope
with the explosive increase in mobile data traffic. Therefore, extensive research has been
conducted to develop and secure high-performance, low-cost, and highly reliable solutions
in preparation for full-scale deployment of 5G base stations [1,2]. In reality, the envisioned
mmWave 5G NRs adopt massive multiple-input multiple-output (MIMO) technology
that utilizes a phased-array antenna configuration. Therefore, small-size, low-cost, and
high-linearity radio frequency (RF) front-end modules (FEMs) that integrate low-noise
amplifiers (LNAs), high-power amplifiers (PAs), and transmitter/receiver switches are in
high demand, specifically for base station applications [3,4]. To satisfy these requirements,
a gallium nitride (GaN) high electron mobility transistor (HEMT) has been considered as
an attractive candidate for the FEM design of mmWave 5G NR base station applications. In
practice, the GaN HEMT device has its own distinct merit with regard to its high power
handling capability. This is primarily attributed to the wide energy bandgap (3.4 eV), high
saturation velocity (>2.5 x 10° m/s), and high breakdown voltage (>100 V) of GaN HEMT
devices [5-7]. For this reason, GaN HEMT devices have been widely used in various PA
implementations to endure modulated high-power RF signals [8-11].

Based on the supremacy of GaN devices, the research and development of the GaN
HEMT-based LNAs has also been intensified from the perspective of design simplicity,
low cost, and enhanced noise performance. In fact, FEMs using gallium arsenide (GaAs)
technology have been widely utilized in various wireless applications over the last decade
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because GaAs devices generally provide good electron mobility and noise characteris-
tics [12-15]. However, as depicted in Figure 1a, the limited high-power robustness of GaAs
devices necessitates additional protection circuits such as an isolator and/or a limiter at the
input of the receiver front end, which substantially exacerbates the design complexity and
noise performance of the FEM design. On the other hand, a GaN HEMT-based LNA with
a single-pole double-throw (SPDT) switch (Figure 1b) no longer needs those protection
circuits owing to their own inherent high-power endurance [16]. Therefore, through the
elimination of these extra protection circuits, reduced size and improved noise performance
can be realized in the FEM design with the additional possibility of a low-cost single-chip
solution by integrating the LNA, PA, and SPDT within a single die. Moreover, as the
scaling of GaN technology shrinks and corresponding breakdown voltage increases, the
noise characteristic of GaN devices becomes comparable to that of their GaAs and indium
phosphide (InP) counterparts. Because of these benefits, various GaN HEMT-based LNAs
have been reported in recent studies [17-24]. However, in the design of GaN HEMT-based
amplifiers, stability performance is also a major concern, which is directly related to the
reverse isolation characteristic (512) of the amplifier. Specifically, in the mmWave frequency
range, high frequency path losses and parasitic capacitance readily affect isolation charac-
teristics. This eventually causes an extra design trade-off between stability and maximum
available gain (MAG) performance.

GaAs PA GaN PA
,\ Antenna ,\ Antenna
o o
L~ L
A 4
GaAs LNA Circulator o
/I proseesnneas .| Isolator &
o <« :
N % ; G%NA SPDT
E = ch O \l:
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Figure 1. Front-end module configuration using (a) GaAs and (b) GaN technologies [16].

In this study, we demonstrate a 26-30 GHz GaN HEMT LNA monolithic microwave in-
tegrated circuit (MMIC) using a 0.15-um GaN-on-silicon carbide (SiC) process. By adopting
series inductors at the drains of the device, the reverse isolation and stability performance
of the amplifier are eventually improved at the operating frequency with minimum im-
pact on the overall MAG and noise figure (NF) performance. The implemented design is
targeted for application in the phased-array antenna structure for 5G base stations, which
support the n257 (26.5-29.5 GHz) and n261 (27.5-28.35 GHz) bands of the 5G NR frequency
range 2 (FR2) [1]. The remainder of this paper is organized as follows: In Section 2, several
performance parameters of the utilized 0.15-um GaN-on-SiC process are emphasized and
compared with those of other mmWave semiconductor devices. Section 3 describes the
detailed LNA design with the discussion of the series inductor-based stability enhancement
technique. Experimental results are presented in Section 4. Finally, Section 5 concludes
the paper.

2. GaN-on-SiC Technology

GaN-on-SiC technology intrinsically offers excellent endurance properties against
high temperatures as well as large power signals. In practice, the major characteristics
of semiconductor active devices, specifically in the mmWave frequency range, are chiefly
estimated by their parameters of electron mobility, energy bandgap, and thermal conduc-
tivity. Table 1 lists the major properties of several microwave semiconductor materials,
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including GaN and SiC. Among the parameters, the electron mobility property is an impor-
tant criterion for evaluating the high-frequency performance of semiconductor devices; it
is closely related to the achievable gain and noise performance of the device. According
to Table 1, the electron mobility of GaAs is approximately five times higher than that of
GaN. However, owing to advancements in technology, the electron mobility of the GaN
has been enhanced accordingly and is currently superior to that of Si. The energy bandgap,
which refers to the difference between the valence and conduction bands, determines the
breakdown voltage of the device where the electrons attain sufficient energy to move to the
conduction band and contribute to the drain current. Therefore, a high energy bandgap is
highly associated with a high breakdown voltage, which increases the device endurance
against a large power signal. GaN and SiC inherently possess superior energy bandgaps
and breakdown voltages compared with GaAs, InP, and Si. Thermal conductivity indicates
the material’s capability to dissipate the heat of the device, which is generated by the
device’s power consumption. Compared to GaAs, GaN and SiC possess lower thermal
resistance and higher thermal conductivity; therefore, GaN and SiC materials are more
suitable for high-power PA circuits that need to withstand high temperature conditions.

Table 1. Comparison of the material properties of various microwave semiconductors.

Property Si GaAs InP SiC GaN
Energy bandgap, Eg (eV) 1.12 1.42 1.34 32 3.44
Breakdown field, E}, (10° V/cm) 0.3 0.4 0.6 32 2

Saturation velocity (10° m/sec) 1 1.2 1.0 2.0 2.5
Dielectric constant, ¢ 11.7 12.9 12.4 10 9.5

Electron mobility, p (cm?/V-S) 1450 8500 4600 700 1600
Thermal conductivity (W/cm°K) 1.31 0.46 0.77 49 1.5

B-FOM ratio ! 1 13.17 5.76 9.62 25.96

! B-FOM: Baliga’s figure-of-merit, defined as e-p-Eg>.

The GaN HEMT LNA designed in this work was fabricated using the process design
kit of NP15-00, a GaN-on-5iC substrate technology with a gate length of 0.15-um, which
was provided by the Win Semiconductors Corporation foundry. Considering the stability,
minimum NF, and MAG features at the operating frequency, a transistor size of 4 x 25 um
(4F25) GaN HEMT was chosen, which has a breakdown voltage of more than 120 V, a current
gain cutoff frequency (fr) of approximately 34.5 GHz, and a maximum oscillation frequency
(fmax) of approximately 125 GHz. In addition, this process provides two interconnected
metal layers, high-reliability metal-insulator-metal capacitors, and precision tantalum
nitride resistors for full MMIC designs.

3. Proposed GaN HEMT MMIC LNA Design

In the design of the proposed LNA, small-signal models of the GaN HEMT device,
which contain measured S-parameters and NF data with given drain voltage and DC
current conditions for the frequency range of 20-40 GHz, were used in the simulation. All
required electromagnetic simulations were conducted using an advanced design system
momentum tool to precisely model the utilized transmission line-based matching net-works
and reflect the parasitic components from capacitors, inductors, and bond pads.

3.1. Reverse Isolation and Stability Performance of GaN HEMT Devices

In reality, the reverse isolation and stability performance of GaN HEMT devices is a
serious concern in the mmWave frequency band, which generally requires a design trade-off
with the MAG and NF performance for the operation of the amplifier. The reverse isolation
and stability characteristics can be mainly evaluated from the scattering parameter (S12)
and y criterion for the designed two-port network, respectively. The 512 primarily indicates
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the amount of feedback from the output to the input ports. For a single-stage common-
source (CS) configuration, a gate-drain capacitance of GaN devices mostly determines
the overall reverse isolation performance of the network. The y criterion is a parameter
of stability and is widely used in two-port networks [6,25,26]. The u criterion, which is
defined by the scattering parameters, is expressed as:

B 1—1s11?
K= 1522 = ASI1*[ + [S12 - 821]

)

where A denotes the determinant of the scattering matrix, defined as A = S11 x 5§22 — 5§12 x S21.
If the p value is greater than unity at the operating frequency, it ensures that the network
is unconditionally stable. As can be deduced from Equation (1), the y value is highly
related to the reverse isolation of the network; therefore, a smaller 512 is always desirable
to securely realize stable operation of the amplifier.

Figure 2 shows the stability enhancement configurations that have been generally
applied to MMIC designs. First, a cascode configuration, as shown in Figure 2a, is composed
of stacked CS and common-gate (CG) stages and basically offers high reverse isolation
from the output to input ports owing to its own shielding effect. Interestingly, as the
number of stacked stages increases, the amount of reverse isolation and the corresponding
stability are improved accordingly [20]. However, relatively complex independent biasing
for each CS and CG device is required to adjust the optimal bias conditions using several
supply voltage sources. The source degeneration of the single-stage amplifier in Figure 2b
also improves the overall stability by applying a negative feedback through the Lg while
sacrificing the MAG and noise performance. This approach is also beneficial for achieving
linearity enhancement and the possibility of simultaneous power and noise matching in
the design. In Figure 2¢, the utilized series resistor at the input or output port of the single
stage directly increases reverse isolation by providing a higher series impedance. However,
this configuration substantially exacerbates the overall gain and noise performance of the
amplifier because noisy impedance is added in the signal path.

Va1 Ve Va1
N4 N4
Rs
Port 2
Port2 Port1 Port 2
Port 1 Ls Port 1

(@) (b) (©)

Figure 2. Stability enhancement configurations: (a) a cascode stage, (b) a single stage with source
degeneration, and (c) a single stage with an output series resistor.

In the proposed design, a series inductor (Lsg) instead of the series resistor is adopted
at the output to enhance the stability of the amplifier (Figure 3). Similar to the series
resistor-based technique (Figure 2c), it readily decreases 512 and improves reverse iso-
lation by offering a higher output impedance at the operating frequency. However, the
proposed technique does not cause significant noise performance degradation owing to
its inherently low resistance. Moreover, the added series inductor partially cancels the
parasitic capacitance at the output node. Consequently, this mitigates the MAG degradation
caused by the series impedance in the signal path. Figure 4 shows the 512 and y simulation
results of the single-stage CS amplifier (4F25) (Figure 3) by adopting different values of the
series inductor (Lgg) at the drain of the GaN device at 28 GHz frequency. As expected, the
simulated S12 and p values are improved when larger inductors are employed.
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Figure 3. Common source single stage (4F25) adopting series inductor-based stability enhance-
ment technique.
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Figure 4. Simulation results of the common-source single stage adopting series inductor: (a) a 512
and (b) a stability u criterion.

In addition, the stability performance of the single-stage CS amplifier was evaluated
in simulations with matching networks (MNs) to reflect all the scattering parameters (511,
512, 521, 522) of the network. Figure 5 depicts the single-stage CS amplifier configurations
with matching networks and series inductor(s) at the input and/or output nodes. In
these simulations, source degeneration (L = 130 um and W=15 pm) is also utilized in
combination with the series inductor-based technique to further enhance the overall stability
performance. The simulated small-signal gains (521s) and y values are shown in Figure 6.
As can be seen from Figure 6, larger values of Lgg result in a more enhanced stability (u)
performance in the overall frequency band. Moreover, when series inductors are utilized
at both the input and output ports (Figure 6b), stability performance is further enhanced.
Although the small-signal gains (S21s) and NFs of the single-stage amplifiers are degraded
owing to the effect of series impedance (Lgg) in the signal path, the amount of degradation
is mitigated through partial cancellation of the parasitic capacitance at the source or drain
node with series inductors.

Lse
Lo MN |
=] MN 4F25  pPortz o |MN
Port 1 Port 1
Ls
(@)

Figure 5. Single-stage common-source GaN HEMT-based amplifier configuration (4F25) (a) with a
series inductor at the drain node and (b) with series inductors at both gate and drain nodes.
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Figure 6. Simulated performance of the single-stage common-source GaN HEMT-based amplifier
configuration with different values of series inductors at the drain node (output) (Figure 5a) and
at both gate and drain nodes (input and output) (Figure 5b); (a) stability y criteria, (b) small-signal

gains (521s), and (c) noise figures.
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3.2. Three-Stage GaN HEMT-Based LNA Employing a Series Inductor

Figure 7 and Table 2 show a schematic of the designed GaN HEMT LNA MMIC,
which includes the bias and matching networks applied to each stage, and values of the
utilized components and transmission lines of the designed LNA, respectively. The width
of each microstrip line (W) is identical at 15 pm. In the proposed design, three cascade
CS amplifier stages are configured to attain targeted small-signal gains greater than 20 dB
at the desired frequency. To bias utilized GaN HEMT devices, a drain voltage of 10 V
is identically applied to each stage through a quarter-wavelength (A/4) short stub that
forms high impedance RF chokes at the operating frequency. On the other hand, the gate
terminal of each device is simply biased with —1.7 V through a short stub as a part of the
input matching network of the device so that smaller matching and bias configuration
can be realized without extra A/4 biasing short stubs. However, in reality, a DC current
flowing through the gate of GaN HEMT devices critically influences the survivability
of the LNA and mainly causes device damage by turning on the gate diode or impact
ionization during breakdown. In this design, a series gate resistor (Rg) of 200 (2 is chosen
and applied as voltage feedback to reduce the excessive gate current by shifting the gate
voltage to a lower value [16]. Parallel-connected decoupling capacitors of Cp; and Cp)
(Cp1 =3.16 pF and Cp, = 0.56 pF) in combination with Rp (Rp = 10.2 (2) provides solid ground
conditions at the wide frequency range. It also entails the improvement of the stability
performance by further suppressing the RF leakage signals through bias networks. Each
stage adopts source degeneration to acquire simultaneous power and noise matching as
well as stability enhancement, as previously mentioned. Instead of using spiral inductors
for source degeneration, microstrip lines (Lg1, Lsz, and Lg3) are used because they are
suitable for realizing the required small inductance in the band of interest. In this design,
noise matching is primarily considered in the first stage, whereas the second and third
stages are designed to optimize the stability and available gain performance. Therefore, the
series inductor-based stability enhancement technique is only applied to the drain node of
the second and third stages with minimum impact on the MAG and NF performance. Spiral-
type series inductors are utilized with careful consideration of the available inductance,
self-resonance frequency (SRF), and quality factor (Q-factor). Series inductors of 4.3 nH
with the SRF of more than 50 GHz and the Q factor of approximately 22 are utilized in
the design.

Cs1 R Vor Cs1 Rg
i—-wW— —-wW—
Ce2 Cs2
I—— i—{—

Lint1

RF IN

Ling

4F25 Caik

Caik

Figure 7. Schematic of the designed three-stage GaN low-noise amplifier employing inductor-based
stability enhancement technique.
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1020 pm

RF IN

Table 2. Values of the utilized components.

Components Values Components Values
Lsg 510 pH Cp1 3.16 pF

Rg 202 0 Cg2 0.56 pF

Rp 202 O CprLk 0.36 pF

WrL 15 pm Ls1, Lsp, Ls3 130 um
Lint 250 pm Lineg 280 um
Linm1 160 um LinT2 240 um
LiNnT3 176 um LiNT4 860 pm
Loum 120 pm Lour 459 um

4. Experimental Result

The proposed 26-30 GHz GaN HEMT LNA MMIC that adopts the series inductor-
based stability enhancement technique was fabricated using 0.15-um GaN-on-SiC tech-
nology, and its performance was demonstrated from bare-die measurements. Figure 8
shows a die microphotograph of the implemented design, which occupies an active area
of 2.61 mm x 1.02 mm (2.66 mm?), including bonding pads. All test measurements were
conducted using a single die via on-wafer probing. RF signals were injected externally
and measured at the RF input and output ports, respectively, using GSG-type probes,
whereas the required gate and drain bias voltages were supplied through GPPPG-type DC
probes. The overall insertion loss arising from the cables and probes was measured at the
desired frequencies and used to compensate for the measured results. Figure 9 shows the
measurement setups for the S-parameter, NF, and linearity performance characterization,
focusing on band n257 and band n261 of the 5G NR FR2.

4F25 4F25 4F25

Eer RO &S RF°I

Lse

Ve Ve
EEE = . 2610 pm

Figure 8. Die microphotograph of the implemented GaN HEMT-based low-noise amplifier.
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Figure 9. Measurement configurations: (a) a block diagram of the S-parameter, noise figure, P1dB,
and IIP3 performance measurements and (b) a probe station setup.

Figure 10 shows the measured and simulated S-parameter results, which include
the small-signal gains (521s) and input and output return losses (S11s and 522s). The
designed LNA achieves a maximum small-signal gain of 20.2 dB with a 1-dB bandwidth of
approximately 7 GHz (23.6-30.3 GHz). As is also seen from Figure 10, a gain degradation
of 2-3 dB is observed in comparison with the simulation results. This is mainly caused by a
slight deviation from the optimal matching condition. The attained return loss results are
less than —10 dB over the 26-30 GHz frequency range.
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Figure 10. Measured and simulated small signal gains, S11s and 522s of the LNA.

To primarily validate the stability performance improvement of the designed LNA
over the frequency range, y values were calculated from the measured S-parameter values,
and the results are presented in Figure 11 along with the simulated y values. It is noted
that y enhancement is achieved with the peak value of y = 7.68 at 27.6 GHz, even if the
peak frequency is slightly shifted to a lower frequency in comparison with the simulated
stability results. Moreover, the designed LNA with the stability enhancement technique
achieves an unconditionally solid stable condition, where yu is greater than 1 over the
frequency range of 20-35 GHz. The measured and simulated NFs of the designed LNA,
shown in Figure 12, range from 2.42 to 2.56 and 1.5 to 1.6 dB, respectively, in the operating
frequency. The measured NFs of the implemented design are approximately 0.9 dB higher
than the simulated NFs owing to the degraded small-signal gain and deviated noise-
matching condition.

11 , , . ,

109| —s—Stab. (Mea.)[ " : :
0] | —o—stab. (Sim.) |-} i
8_ E E E . H . .

7 4
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0 . . ' . . . . .
18 20 22 24 26 28 30 32 34 36
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Figure 11. Measured and simulated stability  values of the LNA.
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Figure 12. Measured and simulated NFs of the LNA.

In addition, the performance of an in-band (IB) output 1-dB compression point
(OP1dB) and output-referred third-order intercept point (OIP3) were investigated at frr
(frr = 28 GHz) to demonstrate the excellent power handling capability of the designed
GaN HEMT LNA MMIC. Figure 13 shows the in-band (IB) P1dB obtained by measur-
ing output tone power values and small-signal gains with respect to the applied input
tone power values at frr. The evaluated OP1dB is approximately 17.2 dBm. This indi-
cates that the gain compression mainly occurs at the output of the design. Moreover, the
OIP3 performance was characterized by IB two tones at f; and f; (f; = frr + 20 MHz and
f> = frr + 40 MHz). The attained fundamental and third-order intermodulation (IM3)
product tones versus the input IB tone power are shown in Figure 14, and the evaluated
OPI3 was approximately 32.2 dBm.

25 .' ! ! ! 21.5
204 ---cneinnen b S S AOS <421.0
— OP1dB = 17.2 dBm ; ;
E "-'"""‘"""""'"""'.' """" B
% LT g1 4205
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% S AR - 4:- 195 ¢
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'5' 04— AL UL ST Xt R T -4 19.0 0
=2 "
S5 5t RSN YR LIPS 1----18.5
o =28 GHz '
10 ' ' . 18.0
-25 -20 15 10 -5 0

Input Power (dBm)

Figure 13. Measured IB OP1dB performance at fgr (frr = 28 GHz). Black dot: Fund. Red dot: IM3.
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Figure 14. Measured IB OIP3 performance with f; = frr + 20 MHz and f, = frr + 40 MHz.

A comparison of the measured performance metrics of the proposed LNA with those
of state-of-the-art GaN HEMT LNA MMIC is presented in Table 3. As can be seen from
Table 3, the obtained performance of the proposed design, which adopts series inductors
is better or comparable to that of other designs for the given power consumption with
noticeable stability enhancement.

Table 3. Performance summary and comparison with previously reported work.

Reference This Work [17] [24] [18] [21] [23]
Fr(egtgzr;cy 26-30 26-31 26-40 27-31 34-37.5 33-38
?;ér)‘ 20.2 18.9-24.5 >23 14.4-19.6 31 25-26
51(1(1/]35)22 <-10/<-10  -12.5/<-65  <5/<-10 <-5/<-10 <=8/<-10 >10
(15%:) 2.42-256 45 1.7-2.7 3.7-3.9 2426 2.0-22
?C{’gri‘f 172 125 12-22 NA 23 20
(gg;f’) 322 NA 20-32 NA ) 284
Stability 1 Uncon. Uncon. Uncon. Uncon.
abiitty Stable NA Stable Stable Stable NA
(O (Up to7.7) (Up to ~9) (NA) (NA)
PE’VV\‘,’)er 0.32 NA 0.43 0.56 1.3 NA
Chip Size 2 2.66 6 NA 4.08 7.2 5.5
Process 0.]5-um. 0.15-um. 0.1-um ) 0.15-um. 0.1-um ) 0.1-um )
GaN-on-SiC ~ GaN-on-SiC GaN-on-Si GaN-on-SiC GaN-on-Si GaN-on-Si

1. NA: Not Available. 2. Including bonding pads.

5. Conclus

ions

We presented a three-stage GaN HEMT LNA MMIC based on the 0.15-pum GaN-on-5iC
technology, for use in 5G NR FR2 base station applications, for the frequency range of
26-30 GHz. In this design, it was demonstrated that adopting a series inductor between the
stages enhances the stability performance with minimum degradation of the small-signal
gain and NF performance, specifically at the operating frequency. Through performance
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verification of the implemented design, it was ensured that the series-inductor-based
technique could be successfully utilized in the GaN HEMT design to improve the gain and
stability performance.
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