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X-Band GaN Chipsets for Cost-Effective 20 W T/R Modules
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and Shintaro SHINJO†, Senior Member

SUMMARY This paper reports on X-band Gallium Nitride (GaN)
chipsets for cost-effective 20 W transmit-receive (T/R) modules. The
chipset components include a GaN-on-Si monolithic microwave integrated
circuit (MMIC) driver amplifier (DA), a GaN-on-SiC high power ampli-
fier (HPA) with GaAs matching circuits, a high-gain GaN-on-Si HPA with
a GaAs output matching circuit, and a GaN-on-Si MMIC switch (SW).
By utilizing either combination of the DA or single high-gain HPA, the
configurations of two T/R module types can be realized. The GaN-on-Si
MMIC DA demonstrates an output power of 6.4–7.4 W, an associate gain
of 22.3–24.6 dB and a power added efficiency (PAE) of 32–36% over 9.0–
11.0 GHz. A GaN-on-SiC HPA with GaAs matching circuits exhibited an
output power of 20–28 W, associate gain of 7.8–10.7 dB, and a PAE of 40–
56% over 9.0–11.0 GHz. The high-gain GaN-on-Si HPA with a GaAs out-
put matching circuit exhibits an output power of 15–30 W, associate gain of
27–30 dB, and PAE of 26–33% over 9.0–11.0 GHz. The GaN-on-Si MMIC
switch demonstrates insertion losses of 1.1–1.3 dB and isolation of 10.1–
14.7 dB over 8.0–11.5 GHz. By employing cost-effective circuit configu-
rations, the costs of these chipsets are estimated to be about half that of
conventional chipsets.
key words: gallium nitride, high power amplifiers, switches, MMICs

1. Introduction

Transmit-receive (T/R) modules have been widely utilized
in applications such as radar technology and communi-
cation systems. Active phased array antennas (APAAs),
which enable electrical beam formation, have been applied
to radar systems [1] and recently also introduced to com-
munication systems such as fifth-generation mobile com-
munications (5 G) [2]. As APAAs require thousands of T/R
modules, the cost of T/R modules accounts for a large por-
tion of the system cost [3]. There is an increasing demand
for cost-effective transmit modules with high-performance
characteristics. A major contributing factor to the cost
of T/R modules is the cost of the monolithic microwave
integrated circuits (MMICs) component. As the cost of
MMIC is mainly driven by the choice of substrate materials
and chip size, cost-effective substrate materials and com-
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pact design configurations ought to be considered. To real-
ize high power density outputs and power added efficiency
(PAE), GaN-on-SiC high power amplifiers (HPAs) [4]–[10]
and switches (SWs) [11], [12] are often utilized. In our
previous work [13], measurement results of the GaN-on-Si
MMIC DA and the HPA which achieve cost-effective am-
plifier stages were shown. In addition to the detailed circuit
designs of the GaN-on-Si MMIC DA and the HPA, this pa-
per also provides circuit designs and measurement results
of the GaN-on-SiC HPA and GaN-on-Si MMIC SW. The
concepts of X-band GaN chipsets are proposed, and the de-
sign methods and measurement results are shown in Sect. 2
of this paper, with their performance and cost-effectiveness
evaluated against advanced MMIC based chipset devices in
Sect. 3.

2. GaN Chipsets

2.1 Concepts of GaN Chipsets

A schematic of a targeted T/R module is illustrated in Fig. 1.
The chipsets include amplifier stage and SW. The target per-
formance of amplifier stage is an output power of 20 W and
gain of 30 dB to configure proper amplifier chain with a typ-
ical Si core-chip with the saturate output power of about
15 dBm. The target performances of SW are isolation of
15 dB with high power input up to 20 W considering iso-
lation of a circulator. Transmit modules with such perfor-
mances are conventionally composed of a GaAs or GaN-
on-SiC MMIC DA, a GaN-on-SiC HPA, and a GaN-on-SiC
SW [14]–[20]. Another option for an amplifier stage is uti-
lizing a high-gain GaN-on-SiC MMIC HPA [20] instead of
the combination of a DA and an HPA. These configurations
demonstrate good performance due to high power capability

Fig. 1 Schematic of target GaN T/R module with the chipset
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Fig. 2 Schematic of the amplifier stages. (a) Schematic of the proposed
case-1 amplifier stage. (b) Schematic of the case-2 amplifier stage.

and high-efficiency characteristic of GaN field effect tran-
sistors (FETs). However, the configuration tends to be rela-
tively costly due to the high-cost of GaN-on-SiC substrates.
GaAs realizes lower cost to area ratios, but the doubling of
sizes is necessary to obtain such a high power of 20 W am-
plifier because of its lower power density. In this paper,
two types of T/R modules are proposed to configure low-
cost and high performance. Figure 2 illustrates schematics
of proposed amplifier stages wherein one of the proposed
amplifier stage is a combination of GaN-on-Si MMIC DA
and GaN-on-SiC HPA with GaAs output matching circuit
(Case-1) as illustrated in Fig. 2 (a). The power density of
GaN-on-Si is as high as that of GaN-on-SiC while the cost
to size ratio is comparable with that of GaAs. GaN-on-SiC
HPA with GaAs output matching circuit retains the high per-
formance of GaN-on-SiC FETs while matching circuits are
realized by GaAs to reduce cost. The other module is com-
posed of a high-gain GaN-on-Si HPA (Case-2) as illustrated
in Fig. 2 (b), a DA and an HPA is integrated in a GaN-on-Si
chip, and a GaAs output matching circuit is applied. How-
ever, the cost of case-2 is lower than that of case-1, whereas,
efficiency of case-2 is slightly lower than that of case-1 due
to the difference in FET performance. The GaAs output
matching circuit is applied to reduce circuit losses compared
to those with GaN-on-Si substrate. GaN-on-Si MMIC SW
is proposed to reduce the cost and realizes that while retain-
ing high power capability. Circuit design and measurement
results of these four devices are shown in detail as follows.

2.2 GaN-on-Si MMIC DA

A GaN-on-Si MMIC DA is designed and fabricated utiliz-
ing a 0.25 μm GaN-on-Si process. Figure 3 illustrates a
schematic of GaN-on-Si MMIC DA. The DA has three FET
stages, with gate peripheries of 0.5 mm for the first stage,
0.7 mm for the second stage, and 1.0 mm × 2 cells for the
third stage respectively. R//C stabilization circuits with re-
duced losses at higher frequencies are utilized to compen-
sate for the gain slope of FETs, which results in the DA with
broadband flat gain. As illustrated in Fig. 4 from the dense
integration of matching circuits in limited spaces, the DA
is carefully designed considering electromagnetic coupling
between each matching circuit. Figure 4 illustrates a photo-
graph of GaN-on-Si MMIC DA with a chip size of 3.5 mm
× 1.1 mm.

Small and large-signal measurements of the enhanced

Fig. 3 Schematic of the GaN-on-Si MMIC DA

Fig. 4 Photograph of the GaN-on-Si MMIC DA

Fig. 5 Measured S-parameters of the developed GaN-on-Si MMIC DA

Fig. 6 Measured output power, PAE, and gain of the improved GaN-on-
Si MMIC DA.

GaN-on-Si MMIC DA are performed with a drain voltage
of 32 V and a quiescent drain current density of 50 mA/mm.
Figure 5 illustrates measured S-parameters of the devel-
oped GaN-on-Si MMIC DA. A linear gain greater than
28 dB is obtained for frequencies conditions of between 8.5–
11.0 GHz. Figure 6 illustrates the improved DA’s measured
output power, PAE, and gain as a function of frequency. The
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Fig. 7 Schematic of GaN-on-SiC HPA with GaAs matching circuits.
Half of the circuit is shown, and the other half is symmetric.

measurement is performed under pulsed operation with a
pulse duty-cycle of 10%, and a saturated output power of
38.1–38.7 dBm, associate gain of 22.3–24.6 dB, and PAE of
32–36% over 9.0–11.0 GHz are obtained. The GaN-on-Si
MMIC DA achieves high power and high gain with an ex-
tremely compact size that is less than half the size of typical
GaAs MMIC HPA with similar output power [21].

2.3 GaN-on-SiC HPA with GaAs Input and Output Match-
ing Circuits

GaN-on-SiC HPA with GaAs input and output matching
circuits are designed and fabricated utilizing the 0.25 μm
GaN-on-SiC MMIC and GaAs passive MMIC process. A
schematic of the GaN-on-SiC HPA with GaAs matching
circuits is illustrated in Fig. 7. GaAs input and output
matching circuits and a GaN-on-SiC FET chip are con-
nected via bonding wires. With HPAs being one of the
most power-consuming components in T/R modules, de-
sign of the output matching circuit is important to realize
high efficiency utilizing harmonic impedance tuning tech-
nique [22]–[28]. Impedance matching at the fundamental
frequency is mainly based on a quarter-wavelength trans-
mission line and a shunt inductance. In addition, open stubs
with an electrical length of λ/4 at the second harmonic are
used to obtain PAE matching at the second harmonic fre-
quency. Figure 8 illustrates the simulated target impedance
and impedance of matching circuits seen from the FETs for
the fundamental (solid lines) and the second harmonic (dot-
ted lines) frequency. Figure 8 (a) illustrates the source-pull
contour and the designed impedance of the input matching
circuit seen from the FETs for the second harmonic. The
impedance for the maximum PAE and the impedance for the
minimum PAE are almost equal. Therefore, the designed
impedance is slightly mismatched from the maximum PAE
impedance so that the impedance is far from the minimum
PAE impedance. Figure 8 (b) illustrates impedances of the
output matching circuit seen from the FETs. PAE contours
are plotted by 2 pt. step. Designed impedance of the out-
put matching circuit seen from the FETs for the fundamen-
tal (9–11 GHz) and the second harmonic (18–22 GHz) fre-
quencies are shown, and the direction of the arrows indi-

Fig. 8 Simulated targeted and designed impedances of the matching cir-
cuits. (a) Impedance of the input matching circuit. (b) Impedance of the
output matching circuit.

Fig. 9 Photograph of GaN-on-SiC HPA with GaAs matching circuits.

cate the low frequency to the high frequency. The HPA be-
haves like inverse class-F amplifier since only the second
harmonic impedance is designed to realize open impedance.
It is shown that the fundamental and the second harmonic
impedances are well matched to the target impedances. On
the input side, impedance matching at the fundamental fre-
quency is achieved by one band-pass and one low-pass con-
figuration. Pre-match small shunt capacitors are incorpo-
rated into the GaN-on-SiC FET chip to tune the second har-
monic impedance. Figure 9 shows a photograph of the de-
veloped GaN-on-SiC HPA. The input matching circuit chip
sizes, the FET chip, and the output matching circuit are
1.8 mm × 3.8 mm, 0.8 mm × 3.8 mm and 2.0 mm × 3.8 mm,
respectively.

Small and large-signal measurements of the developed
GaN-on-SiC HPA are performed with a drain voltage of
30 V and the quiescent drain current density of 50 mA/mm.
Figure 10 illustrates the measured S-parameters of the de-
veloped GaN-on-SiC HPA. The linear gain of 8.1–11.5 dB
is obtained at frequencies of over 9.0–11.0 GHz. The large-
signal measurement is performed under the pulsed condi-
tion with a pulse duty-cycle of 10%. Figure 11 illustrates
the measured output power, PAE, and gain of the developed
GaN-on-SiC HPA as a function of frequency. The drain
voltage is 30 V and the quiescent drain current density is
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Fig. 10 Measured S-parameters of GaN-on-SiC HPA

Fig. 11 Measured output power, PAE and gain of the developed GaN-
on-SiC HPA

50 mA/mm. A saturated output power of 42.0–44.5 dBm,
associate gain of 7.8–10.7 dB, and PAE of 40–56% for 9.0–
11.0 GHz is obtained. These measured results show that
the lower cost amplifier exhibits comparable characteristics
with all reported advanced amplifiers.

By combining GaN-on-Si MMIC DA and GaN-on-SiC
HPA, an output power in excess of 20 W, gain of higher than
30.8 dB, and PAE greater than 37% is estimated for frequen-
cies of over 9.0–11.0 GHz.

2.4 GaN-on-Si HPA with GaAs Output Matching Circuits

The circuit design and measurements of a high-gain GaN-
on-Si HPA are shown. A GaAs matching circuit is employed
as the output matching circuit of the final stage amplifier to
realize lower losses. As illustrated in Fig. 2 (b), the high
gain four-stage GaN-on-Si HPA amplifier is composed of
the GaN-on-Si amplifier chip and GaAs output matching cir-
cuit, which are connected via bonding wires. The aforemen-
tioned three-stage GaN-on-Si MMIC DA, an input matching
circuit as well as FETs for the final-stage are incorporated
into the GaN-on-Si chip. The final stage-gate periphery of
the FETs is 1 mm × 8 cells. The DA is placed vertically with
respect to the final-stage amplifier to reduce the chip size
and connected with HPA via a 50Ω transmission line. The
output matching circuit is the same as the GaN-on-SiC HPA
described in Sect. 2.3 as the target impedances are quite sim-

Fig. 12 Schematic of the input matching circuit of GaN-on-Si HPA. Half
of the circuit is shown, and the other half is symmetric.

Fig. 13 Simulated target and designed second harmonic impedances of
the input matching circuits of the GaN-on-Si HPA.

ilar. Although the cost to area ratio of the GaAs and GaN-
on-Si is comparable, GaAs exhibits lower dielectric losses,
which enables high power and high-efficiency HPA. Fig-
ure 12 illustrates a schematic of the input matching circuit
of the final-stage GaN-on-Si HPA, which is newly designed
for the HPA. Two high-pass and one low-pass section are
utilized. Figure 13 illustrates simulated target and designed
second harmonic impedances of the input matching circuits
of the GaN-on-Si HPA seen from the final-stage FETs. PAE
contours of the second harmonic frequency for 10 GHz are
plotted by 2 pt. step. The designed impedance for the sec-
ond harmonic (18–22 GHz) frequencies are also shown and
the direction of the arrows indicates the low frequency to the
high frequency. The impedance for the maximum PAE and
the impedance for the minimum PAE are close each other.
Therefore, the designed impedance is mismatched from the
maximum PAE impedance so that the impedance is far from
the minimum PAE impedance as in case of the GaN-on-SiC
HPA. Figure 14 illustrates a photograph of the GaN-on-Si
HPA with a GaAs output matching circuit. The total chip
size of the GaN-on-Si chip and the GaAs chip are 3.5 mm ×
3.8 mm and 2.0 mm × 3.8 mm, respectively.

Small and large-signal measurements are performed,
with a drain voltage is 32 V and the quiescent drain cur-
rent density of 50 mA/mm being recorded. Figure 15 illus-
trates the measured S-parameters of the developed GaN-on-
Si MMIC HPA. A linear gain of 38.7–41.2 dB is obtained
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Fig. 14 Photograph of the developed GaN-on-Si HPA

Fig. 15 Measured S-parameters of the GaN-on-Si HPA

Fig. 16 Measured output power, PAE and gain of the GaN-on-Si HPA.

over frequencies of 9.0–11.0 GHz. Figure 16 illustrates
measured output power, gain, and PAE for the improved
GaN-on-Si HPA as a function of frequency. The large-signal
measurement is operated under a pulse duty-cycle of 10%.
And reports a saturated output power in the 41.8–44.8 dBm
range, associated gain of 26.9–29.5 dB and PAE of 26–33%
for frequencies of 9.0–11.0 GHz. While the efficiency is not
as high as that of GaN-on-SiC HPA, these configurations
indicate compact and high output power and gain charac-
teristics. The effect of the machining accuracy on the per-
formances is comparable for the two configurations because
the deviation of bonding wire length connected to the out-

Fig. 17 Schematic of GaN-on-Si MMIC SW. (a) Equivalent circuit of
developed GaN-on-Si MMIC SW. (b) Simplified equivalent circuit of SW
in receive-mode. (c) Simplified equivalent circuit of SW in transmit-mode.

put matching circuit is dominant on the performance. The
configuration of amplifier stage is in a trade-off between the
efficiency and the cost.

2.5 GaN-on-Si MMIC High Power SW

A cost-effective GaN-on-Si MMIC SW is designed to pro-
tect the receiving devices such as low noise amplifier (LNA)
from transmission or reception of unwanted large signals.
Figure 17 illustrates schematics of the developed GaN-on-
Si MMIC SW. Figure 17 (a) illustrates the equivalent cir-
cuit of the developed GaN-on-Si MMIC SW. The SW has
an input port and a terminal port which is terminated to
50Ω. The SW has two FETs, namely FET1 and FET2.
FET1 is connected in series between the input and the out-
put ports. A transmission line with the length of λ/4 at
the center frequency followed by shunted FET2 is placed
between the input and the terminal ports. A spiral induc-
tor is connected in parallel with each FET. Gate electrodes
of the FETs are connected to a common DC voltage sup-
ply with high resistance. The operation modes of the SW
are controlled by a DC voltage applied to the gates of the
FETs, wherein the FET shows off-capacitance when biased
at −40 V and on-resistance when biased 0 V. The FETs are
biased at 0 V in receive-mode and −40 V in transmit-mode,
respectively. Figure 17 (b) and (c) illustrate equivalent cir-
cuits of the SW in receive-mode and transmit-mode, respec-
tively. In receive-mode, FETs are biased at 0 V so that they
behave as low on-resistance. The equivalent circuit of the
receive-mode is illustrated in Fig. 17 (b). FET1 exhibits lim-
ited losses and the impedance of the shunt-connected λ/4
and FET2 exhibits open impedance looking from the in-
put port at the center frequency. Therefore, it has low loss
characteristic from the input to the output port. In transmit-
mode, isolation between input and output ports must be high
to protect receiving devices from high power transmit signal
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or noise. FETs are biased at −40 V so that they behave as
off-capacitance. The equivalent circuit of the transmit-mode
is illustrated in Fig. 17 (c). Each FET and inductance behave
like an open circuit, with external signals from input port go-
ing to the terminal port. Then, it demonstrates high isolation
characteristics between the input and output ports. Design
of gate-width of the FETs is explained. Parallel inductors
are neglected for simplification. F-matrix between the RF
input and output port of the receive-mode is calculated to be

FRX =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0

1
Z

Z + jZL tan θ
ZL + jZ tan θ

1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
(
1 Ron1

0 1

)
,

ZL = Z0//Ron2

(1)

where Z0 is the port impedance, Z and θ are the characteristic
impedance and the electrical length of the λ/4 line, Ron1 and
Ron2 are the on-resistance of FET1 and FET2, respectively.
By assuming that θ = 90 deg., Ron � Ron1,Ron2, ZL � Ron,
Z � Z0 and (Ron/Z0)2 � 0, Eq. (1) is transformed to

FRX �
(

1 Ron

Ron/Z2
0 1

)
. (2)

Then the insertion loss in receive-mode (ILRX) is derived by
calculating |S21| using Eq. (2) as

ILRX �
1

1 + Ron/Z0
=

1
1 + Ron0/WgZ0

(3)

where Ron0 (Ωmm) is the on-resistance of the 1 mm-gate-
width FET and Wg (mm) is the gate width of the FET. Sim-
ilarly, F-matrix between the RF input and output port of the
transmit-mode is calculated to be

FTX =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0

1
Z

Z + jZLtanθ
ZL + jZtanθ

1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
(
1 1/ jωCoff1

0 1

)

ZL = Z0// jωCoff2

(4)

where Coff1 is the off-capacitance of the FET1. By assuming
that ZL � Z � Z0, Eq. (4) is transformed to

FTX �
(

1 1/ jωCoff1

1/Z0 1 + 1/ jωCoff1Z0

)
. (5)

Then the isolation in transmit-mode (ISOTX) is derived by
calculating |S21| using Eq. (5) as

ISOTX �
1√

2.25 + (1/ωCoff1Z0)2

=
1√

2.25 + (1/ωCoff0WgZ0)2

(6)

where Coff0 (F/mm) is the off-capacitance of the 1 mm-gate-
width FET. Insertion loss and isolation are in a trade-off re-
lation according to Wg. Figure 18 shows the dependence
of insertion loss and isolation on the gate width of FET ac-
cording to Eq. (3) and Eq. (6) (Z0 = 50 Ω, Ron0 = 3.7Ωmm,

Fig. 18 Dependence of insertion loss and isolation on the total gate
width.

Fig. 19 Photograph of the developed GaN-on-Si MMIC SW

Fig. 20 Measured small-signal characteristics of the developed GaN-on-
Si MMIC SW

Coff0 = 0.186 pF/mm and f = 10 GHz). Large Wg of 1 mm
is employed for loss reduction and the value of the inductors
is set so that the resonation frequency of Coff and the induc-
tance is equal to the center frequency to improve isolation.

A photograph of the GaN-on-Si MMIC SW, with a chip
size of 1.05 mm × 1.95 mm is illustrated in Fig. 19. Trans-
mission lines between the input port and the output port are
designed to be as short as possible to reduce losses. Fig-
ure 20 shows a measurement insertion loss and isolation
of the developed GaN-on-Si MMIC SW. Insertion losses of
1.1–1.3 dB and isolation of 10.1–14.7 dB are obtained at fre-
quencies of 8.0–11.5 GHz. The measured loss is larger than
the calculated loss due to the loss of transmission lines is ne-
glected in the calculation. The measured isolation is larger
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Table 1 Comparisons of size and estimated relative cost with other published power amplifiers and a
switch for X-band modules.

Fig. 21 Measured large-signal characteristic of GaN-on-Si MMIC SW
at 9.5 GHz.

than the calculated isolation since the parallel inductor is
neglected in the calculation. Figure 21 illustrates the mea-
sured large-signal characteristic of GaN-on-Si MMIC SW at
9.5 GHz. Deviation of isolation is less than 0.5 dB, and up
to 43.1 dBm input power.

3. Evaluation of Cost-Effectiveness

The cost-efficiency of the developed chipsets is evaluated.
Table 1 summarizes comparisons of size and the estimated
relative cost with other published power amplifiers and
switches for X-band transmit modules. In case-1, the devel-
oped GaN-on-Si MMIC DA, the GaN-on-SiC HPA with the
GaAs output matching circuit, and the GaN-on-Si MMIC
SW are utilized. In case-2, the developed GaN-on-Si high-
gain HPA and the GaN-on-Si MMIC SW are utilized. In
case-3, conventional transmit modules composed of the
GaAs DA [21], the GaN-on-SiC HPA [4] and the GaN-on-
SiC SW [11] ever-reported. The cost ratio of GaAs:GaN-
on-SiC is typically said to be 1:2 [29], [30]. 50% cost reduc-
tion of GaN device fabrication is achieved by using larger
wafer [29]. Because large Si wafer is commonly available,
cost of GaN-on-Si can be half the cost of GaN-on-SiC. The
normalized cost is calculated using a chip size and assumed
cost ratio of GaN-on-Si:GaAs:GaN-on-SiC = 1:1:2. By em-
ploying the chipset shown in case-1, 46% cost reduction
from case-3 is estimated. The cost of case-2 is estimated
to be less than half as expensive as case-3. As the output
power is comparable between case-1 and case-2, only the
efficiency is a trade-off factor with the cost. If power con-
sumption of system specification was not as tight, for exam-
ple, the system only required short pulse mode operation,
case-2 can be the best candidate for the transmit module.

4. Conclusion

GaN chipsets for cost-effective X-band 20 W transmit mod-
ules are fabricated and measured. The chipsets include four
devices, a GaN-on-Si MMIC DA, a GaN-on-SiC MMIC
HPA with a GaAs MMIC input and output matching cir-
cuits, a high-gain GaN-on-Si HPA with a GaAs output
matching circuit and a GaN-on-Si high power SW. The de-
veloped chipsets are estimated to be about half the cost of a
conventional chipset while maintaining performances.
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