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ABSTRACT

This article presents a novel X-band gallium nitride (GaN) on silicon carbide (SiC) co-planar waveguide (CPW) monolithic microwave integrated circuit (MMIC) high-
power amplifier (HPA) design for radar applications. In design, 0.25 μm γ-shape gate and high electron mobility transistors (HEMTs) with GaN on SiC technologies were 
utilized due to their high thermal conductivity and high-power handling capability. In addition, the reflection coefficients were below −10 dB in the frequency range 
from 8.5 GHz to 10.5 GHz which yields a fractional bandwidth of 21.05%. Moreover, MMIC HPA achieved a power-added efficiency (PAE) of 44.53% with an output power 
of 40.06 dBm in the 2 GHz bandwidth. Furthermore, the proposed MMIC HPA could be appropriate to be utilized in X-band active electronically scanned array radar 
applications owing to its high output power, wide operating bandwidth, high PAE, and compact size.
Index Terms—Active electronically scanned array (AESA) radar, co-planar waveguide (CPW), gallium nitride (GaN) on silicon carbide (SiC), high electron mobility 
transistor (HEMT), monolithic microwave integrated circuit (MMIC), high power amplifier (HPA).
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I. INTRODUCTION

According to the latest trends and emerging technologies, naval, land, and aerospace platforms 
need to be smaller, compact, long-range, and wideband active electronically scanned array 
(AESA) radars with a large number of active elements to catch up with technological develop-
ments [1, 2]. A number of transmitter blocks, more than thousand in general, have been used 
in AESA radars, and deployment of them in relatively small areas is creating thermal problems 
which could be solved by utilizing highly efficient high-power amplifiers (HPAs). They are exten-
sively utilized in X-band radar applications because of not solely their high efficiency and high-
power output characteristic but also their neat structures. Additionally, Gallium Nitride (GaN) on 
Silicon Carbide (SiC) monolithic microwave integrated circuit (MMIC) technology is preferred in 
the design and fabrication of HPAs instead of conventional Si-based technology. Therefore, they 
could operate at relatively higher temperatures than amplifiers that are fabricated by utilizing 
other technologies such as Gallium Arsenide (GaAs), Indium Phosphate (InP), Silicon Germanium 
(SiGe), Silicon (Si) etc. [3-5]. Furthermore, HEMTs have been preferred in MMICs because they 
have high breakdown voltage and high electron velocity, which is advantageous with respect 
to GaAs and Si MMIC technology [6, 7]. It is an approximate guide that compact amplifiers with 
high output power are the reason for preference in modern AESA radars to perform tracking and 
searching operations in long ranges with small platforms for reducing radar cross section (RCS). 
Finally, by integration of the proposed HPA with filtennas that work as a filter to reject unde-
sirable or threatening frequency bands [8, 9], the whole system will be suitable for Electronic 
Counter Counter-Measures (ECCM) operations because Frequency Hopping Spread Spectrum 
(FHSS) requirement could be required wideband HPAs [10, 11].

In this article, a novel X-band HPA design utilizing GaN on SiC co-planar waveguide (CPW) MMIC 
for radar applications was presented. In addition, the details of the design and the comparison 
of the electromagnetic (EM) simulation results of the design and measurement results of the fab-
ricated MMIC HPA were also given. The proposed MMIC HPA achieved a power-added efficiency 
(PAE) of 44.53% with an output power of 40.06 dBm in the 2 GHz bandwidth. Moreover, the reflec-
tion coefficients were below −10 dB in the frequency range from 8.5 GHz to 10.5 GHz which yields 
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a fractional bandwidth of 21.05%. The proposed MMIC HPA comes 
up with enhancements for thermal problems, size, power consump-
tion, and operational bandwidth of AESA radars. For the case of 
stability and high-power gain, a parallel connected capacitor and 
resistor structure and 0.25 μm γ-shape gate technology were utilized 
in fabrication, respectively. It is important to specify that HEMTs with 
GaN on SiC technology have been utilized in MMICs. This technology 
has been favored because of its high thermal conductivity and high-
power handling capability. The device is well suited for AESA radars 
because of its high output power, wide operating frequency, high 
PAE, and small size. Because of the presented enhancements, it is a 
good nominee for AESA radars in accordance with the literature sur-
vey [12-21], and it could be directly turned to account in communi-
cation, electronic warfare, and satellite applications. Meanwhile, the 
design has a compact size of 5 mm × 6.5 mm (approximately 0.16 
λ × 0.2 λ at 9.5 GHz). As a result, simulations were performed with 
Keysight Advanced Design System (ADS) and small and large signal 
parameters of the device have been analyzed in Sections 3 and 4 
in depth. Moreover, measurements were done in a cleanroom with 
using a power network analyzer (PNA), spectrum analyzer (SA), and 
load–pull system (LPS). After measurement results are examined and 
checked against simulation results, possible measurement errors 
and differences are commented.

II. GAN ON SIC FABRICATION PROCESS

Design and fabrication of the proposed MMIC HPA were performed 
in Nanotechnology Research Center, Bilkent University, Türkiye. In 
this technology, the 300 nm GaN epitaxial layer growth was imple-
mented on 300 μm SiC substrate, and the dielectric constant of the 
substrate was achieved 9.8 at 300° Kelvin. The heterostructure of the 
active components was grown by utilizing metal organic chemical 
vapor deposition (MOCVD) on SiC by the virtue of having the high 
thermal conductivity characteristic of SiC. Additionally, the mesa 
etch process was utilized to accomplish the isolation between the 
active components with the formation of Ti/Al/Ni/Au multilayer 
ohmic contacts 120/1200/350/650 Å, respectively. Meanwhile, the 
γ-shaped gate was developed by utilizing e-beam lithography with a 
gate length of 250 nm. Moreover, four metallization layers, which are 
1st metal, 2nd metal, nickel chrome (NiCr) resistance, and air bridge, 
were utilized in the the GaN on SiC fabrication process. Additionally, 
NiCr thin film resistance, which has a sheet resistance of 20 Ω/square, 
was growth in the e-beam evaporator. 1st metal, 2nd metal, and 

air bridge were formed of 3 μm Au and NiCr resistance metal was 
formed of 1 μm NiCr material. Furthermore, the passivation layer of 
the silicon nitride (SiN) passivation layer, which has a thickness of 300 
nm, was deposited by utilizing plasma-enhanced chemical vapor 
deposition (PECVD). The physics of GaN on SiC MMIC HPA is shown 
exhaustively in Fig. 1.

III. DESIGN

In the design, it was aimed to obtain an MMIC HPA that can be oper-
ated in the X-band (8.5 GHz to 10.5 GHz) with an output power 
above 40 dBm and power added efficiency (PAE) above 43%. So as 
to achieve the goals of the design, SiC on GaN process technology 
of the Nanotechnology Research Center was utilized. In addition, 
CPW design topology, which has signal strips and ground planes in 
the same side of the substrate, was utilized in the design to decrease 
the manufacturing cost and eliminate the complex via-hole pro-
cess. In the selection of the unit transistor, a variety of different-sized 
HEMTs were characterized and on-wafer S-parameters and load–pull 
measurements were carried out to determine the best periphery for 
the design. As a result of the transistor analyses, 6 fingers by 125 μm 
unit cell was selected as the unit cell in compliance with small sig-
nal gain, output power, and PAE. Moreover, the on-wafer load–pull 
measurements of the 6 × 125 μm transistor were performed with the 
Maury load–pull system, and optimum load and source impedances 
for the center frequency were determined as (9.4+j×24.7) Ω and 
(35.1+j×13.6) Ω, respectively. Furthermore, the quiescent bias point 
of the unit transistor was chosen at class AB with the drain voltage 
(Vds) of 28 V and the drain current (Ids) of 175 mA, respectively. The gen-
eral block diagram of the device is shown in Fig. 2. In the design, two 
identical MMIC HPAs were determined to deploy in parallel via two-
way Wilkinson power dividers (WPDs) to multiply output power by 2.

The schematic view of HPA is shown in Fig. 3. The utility of elements 
was explained respectively from left to right (from Port 1 to Port 2) 
with respect to the schematic view except for elements that have the 
same duty in circuitry. In addition, the input and output matching 
networks (IMN & OMN) were designed to match the unit transistor 
to the complex conjugates of the selected load and source imped-
ances. In the design, the gate and drain biases were supplied on the 
spiral choke inductors (L1, L2, L3, and L4), which were designed as 
high impedance to ensure the isolation between the RF and DC, and 
shunt capacitors (C6, C10, C16, and C20) to block the RF signal and 

Fig. 1. Physics of GaN on SiC MMIC tehnology.
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eliminate the unwanted oscillations, respectively. In the design, the 
stabilization of the MMIC HPA was achieved with the utilized paral-
lel RC circuit (R1, R2, R3, R4, C7, and C17) at the RF input ports of 
the transistors. Connection of resistor and capacitor in parallel at the 
side of gates of HEMTs has been subsidiary to design more stable 
HPAs. On the other hand, the RC stabilization network also enhanced 
the gain flatness of the design. Moreover, the μ-factor was aimed to 
be greater than 1 up to 20 GHz to ensure the unconditional stability 
condition of the circuit. Meanwhile, IMN and OMN were constructed 
with respect to the determined optimum load and source imped-
ances, and I/O ports of the HPA were matched to 50 Ω. C3, C4, C5, 
C8, C9, and C15 capacitors, and TL1, TL2, TL3, TL4, TL5, TL6, TL7, TL8, 
TL9, TL10, TL11, and TL12 transmission lines were utilized to design 
IMN and OMN. Furthermore, the series capacitors were utilized in 

the matching networks as a DC block capacitor. The dimensions of 
the active and passive components of the layout design are given 
in Table I.

IV. RESULTS AND DISCUSSION

In the design, Keysight’s commercially available Advanced Design 
System (ADS) software’s Momentum tool, which is utilizing the 
method of moments (MoM) to discretize the integral equations of 
the EM fields, was utilized to design the layout and perform 2.5D EM 
analysis. In the design, a two-way WPD was designed to parallel two 
identical MMIC HPA to multiply output power by 2. In addition, the 
conventional WPD was comprised of two quarter-wavelength trans-
mission lines and a 100 Ω isolation resistor between the output port 

Fig. 2. Block diagram of the proposed HPA.

Fig. 3. Schematic view of the proposed HPA.
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[22, 23]. However, conventional WPD occupies larger areas in the 
lower frequencies and increases the manufacturing costs. Due to this 
fact, the π-type miniaturization technique was utilized to miniaturize 
the design. In this technique, the quarter-wavelength transmission 
lines were replaced with its equivalent circuit with shunt capaci-
tors and a transmission line between the capacitors. In addition, the 
branches of the WPD were matched in phase for avoiding additional 
mismatch losses and thermal problems. In the simulation results of 
the miniaturized WPD, it was obtained that the input reflection coef-
ficient (S11) and output reflection coefficients (S22 and S33) were better 
than −15 dB and -20 dB, respectively, in the frequency range from 
8.5 GHz to 10.5 GHz. Moreover, the insertion losses (S21 and S31) were 
less than −3.7 dB in the operating frequency bandwidth. Besides, the 
proposed WPD has a compact size of 6 mm2. The S-parameter simu-
lation results of the proposed WPD are shown in Fig. 4.

In the design process, a unit transistor was selected and all of the 
four transistors were biased with the same bias conditions. In the EM 
simulations, all the unit transistors were biased with gain to source 
voltage (Vgs) and drain voltage (Vds) of −2.4 V and 28 V, respectively, 
and the total drain current (Ids) was 700 mA, which yields a total 
power dissipation (PDC) of 19.6 W. In the simulation results, it was 

observed that |S11| and |S22| were higher than 10 dB while the small 
signal gain was higher than 10 dB and the fractional bandwidth of 
the design was observed as 31.58%. The S-parameters simulation 
results are shown in Fig. 5. Furthermore, the stability analysis of the 
design was checked according to both μ- and k- stability conditions 
that are given in Equations 1–3. As a result of the stability analysis, 
the design was unconditionally stabile up to three times the operat-
ing frequency bandwidth. The stability analysis results are shown in 
Fig. 6.
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TABLE I. THE DIMENSIONS OF THE LAYOUT

 W (μm) L (μm) Gap (μm)

C1, C13 35 35 24

C2, C3, C11, C12 25 24,7 25

TL_WPD 19 1337 50

R_WPD 39 250 36

TL1, TL8 40 229 20

TL2, TL11 20 629 30

C4, C18 40 47 15

TL3, TL12 40 386 18

C5, C19 98 100 15

L1, L4 35 2,5 turn 20

C6, C20 115 115 20

R1, R2, R3, R4 10 99 34

C7, C17 64 58 43

L2, L3 36 2,5 turn 20

C10, C16 115 115 20

C8, C15 100 100 20

TL4, TL9 16 850 19

C9, C14 44 48 14

TL5, TL10 20 674 31

TL6, TL7 40 235 20

RF Pads 100 125 50

DC Pads 130 150 32

Fig. 4. Simulated S-parameter results of WPD.

Fig. 5. Simulated S-parameters results of MMIC HPA.
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� � � �S S S S11 22 12 21 1 (3)

Moreover, the simulated output power (Pout) was achieved at 41.28 
dBm (approximately 13.2 W) when the incident input power (Pin) 
was 32 dBm and the large signal gain (power gain) was 9.28 dB. The 
large signal simulation results are shown in Fig. 7. Furthermore, the 
simulated PAE of the proposed PAE was calculated at approximately 
47.34% with respect to (4).

PAE
P P

P
out in

DC
�

� � �100. %  (4)

A layout view of the proposed HPA is shown in Fig. 8, and the 
dimensions of active and passive components are given in Table I. 

As illustrated in Fig. 8, each HEMT has six gates whose structured 
as γ-shape for increasing available current per mm and breakdown 
voltage. Therefore, power gain was enhanced [24]. It is important to 
specify that there are different alternative gate structures such as 
I-shape, T-shape, π-shape, and so on. It is well-known that types of 
gate structures are chosen with respect to application specifications 
that are power added efficiency, gain, maximum available output 
power, transconductance, threshold voltage, drain-source current 
density, maximum oscillation frequency (fmax), and current gain cut-
off (ft) frequencies [25-27]. Furthermore, it is the rule of thumb that 
air bridges have been deployed at λ/10 intervals regularly for con-
necting ground planes properly and eliminating phase differences 
between ground planes. This is obligatory to get perfect CPW behav-
ior (well-matched) from transmission lines.

Fig. 6. Simulated stability analysis results of MMIC HPA. Fig. 7. Simulated large signal parameters results of MMIC HPA.

Fig. 8. Layout view of the proposed MMIC HPA.
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The microscopic photography of the fabricated MMIC HPA is pre-
sented in Fig. 9 and the total size is 5 mm × 6.5 mm (approximately 
0.16 λ × 0.2 λ at 9.5 GHz) excluded WPDs. It should be indicated that 
each WPD size is 2 mm × 3 mm.

The on-wafer measurements were carried out to validate the simula-
tion results by utilizing the measurement setup that is compromised 
of The Keysight N5222B PNA, Cascade EPC150RF-LT (up to 67 GHz) 
manual microwave probe station, and Formfactor I40-A-GSG-150 
Infinity RF Probes. Before the measurement, on-wafer short open 
load thru (SOLT) calibration was performed by utilizing Cascade 
Microtech ISS model 101–190C calibration substrate. Additionally, 
Vgs and Vds were supplied by utilizing a DC multi-contact wedge 
probe which is manufactured by GGB Industries Inc., and bias-tee 
modules were also utilized on the DC supply path.

In the measurement, Vgs and Vds were supplied as −2.34 V and 
28.02 V, respectively, to obtain similar conditions with the simula-
tions. During measurements, the RF bias procedure was followed. 
In this type (normally ON), transistors were turned off by applying 
a negative voltage at the gate side lower than pinch-off voltage. 
Then, Vds is applied to the drain side and Vgs was brought closer 
to 0 up to read quiescent current (Idq) as same as Ids that had been 
applied in simulations. Finally, the RF signal was executed. In 
addition, in the S-parameter measurements, it was observed that 
the small signal gain exceeds 10 dB roughly for 2 GHz bandwidth. 
Moreover, |S11| and |S22| were better than 10 dB in the 8.5–10.5 
GHz which yields a fractional bandwidth of 21.05%. The compari-
sons of the simulated and measured S-parameters are shown in 
Fig. 10.

The large signal measurement was performed at the center fre-
quency of 9.5 GHz at room temperature (25°C). In the large signal 
characterization, the total drain current (Ids) was equal to 726 mA 
when 31 dBm input RF power was applied. It is denoted that the con-
sumed DC power that was utilized to calculate PAE equals 20.34 W. 

Pout of MMIC HPA was obtained as 40.06 dBm (approximately 10.14 
W) under 1-dB compression point. From (4), the measured PAE was 
calculated approximately as 44.53%. Additionally, the large signal 
gain (power gain) was 9.06 dB. The comparison of the simulated and 
measured Pout, PAE, and gain is shown in Fig. 11.

Table II shows the detailed performance comparison of the MMIC 
PA in the literature for X-band applications. It is clear that this study 
has a higher PAE with respect to other studies in the literature, and 
although output power has decreased with increasing PAE, the pro-
posed work has good output power capability by comparison to its 
PAE performance [28-32].

Fig. 9. Microscopic photography of the fabricated MMIC HPA.

Fig. 10. Comparison of simulated and measured S-parameters 
results.
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V. CONCLUSION

In this article, a novel X-band MMIC HPA utilizing GaN on SiC tech-
nology was presented with a comparison of measurement and sim-
ulation results. The HPA achieved a PAE of 44.53% with an output 
power of 40 dBm in the frequency range from 8.5 GHz to 10.5 GHz. 
The slight difference between measurement and simulation results 
could be from unwanted mismatch losses, thermal cooling prob-
lems, manufacturing tolerances, and measurement uncertainties. In 
addition, each wafer could show different electrical characteristics 
such as photosensitivity, and the thickness of layers such as met-
als, resistive, and capacitive materials can be altered fabrication by 
fabrication as a course of its nature. Finally, because of low power 
consumption, high efficiency, high output power, compact size, and 
wide operating frequency bandwidth, the proposed device is well 
suited for AESA radars and could be a direct candidate for communi-
cation, electronic warfare, and satellite applications.
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