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Abstract — A two-stage high-power amplifier MMIC 
was realized with a chip size of 4.5 mm x 3 mm operating
between 8 GHz and 10 GHz based on a fully integrated 
microstrip AlGaN/GaN HEMT technology on s.i. SiC
substrate. The MMIC device delivers a maximum pulsed
output power of 8.9 W (39.5 dBm) at 8.5 GHz at VDS = 31 V,
10 % duty cycle, and more than 6 dB gain compression
level, and features a linear gain in excess of 20 dB.

I. INTRODUCTION

In recent years, significant progress has been made in 
III-N device technology [1, 2]. In the development from
devices to integrated circuits for GaN HEMT technology
on different substrates as SiC or silicon, passive MMIC
technologies enabling the realization of e.g. MIM
capacitors, resistors and inductances were adapted to
these substrates [3,4]. Recently, various GaN on SiC
power amplifiers (e.g. [3]) and hybrid microstrip
amplifiers with GaN HEMTs (e.g. [5]) with encouraging
performance were realized. For MMIC compatibility
with radar modules in hybrid microstrip technology and
simple RF grounding schemes in high-power amplifier
MMICs, microstrip technology on thinned substrates is
preferred [6]. An outstanding realization of a microstrip
GaN HEMT process on s.i. SiC substrate with impressive
RF power data is reported e.g. in [6]. The obvious
advantages of this technology for HPAs are the superior
power density of GaN HEMTs and the high thermal
conductivity of the SiC substrate. This work presents a 
microstrip two-stage high power MMIC amplifier
operating between 8 GHz and 10 GHz suitable for 
phased array radar applications in X-band with a chip
size of 13.5 mm2.

II. ALGAN/GAN HEMT TECHNOLOGY

The AlGaN/GaN HEMT technology is based on two
inch semi-insulating SiC wafers and multi-wafer
MOCVD III-N epitaxy for active device layer
fabrication. The gates of the AlGaN/GaN single
heterojunction devices are defined by electron beam
lithography. For X-Band applications, we use 300 nm
gatelength, which gives a typical transition frequency of 
more than 36 GHz for a FET cell with 1 mm total
gatewidth. The HEMT structure yields a low knee
voltage of 5 V and a breakdown voltage BVDS of 65 V
allowing for a maximum DC operating voltage of 35 V.
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ow-frequency dispersion effects of the active 
s are minimized by careful optimization of the
ation. A two-level metallization and airbridge
s completes the frontside processing. This MMIC
s is fully compatible with the subsequent backside
s and features metal-insulator-metal (MIM)
tances with a breakdown voltage of 200 V,
ances, and NiCr resistors. The passive circuit
ts are realized using thick galvanic gold which 

s sufficient current handling capability for a
trip power MMIC process. 

Cross-section of etched via holes in 100 µm thick
ubstrate with galvanic Au backside metallization and 
ide HEMT structure.

I. MICROSTRIP BACKSIDE PROCESS TECHNOLOGY

r frontside processing, the wafers are mounted on 
ble carrier. The SiC substrate is thinned to 100 µm
chanical polishing. An etch mask is deposited on
ckside surface of the wafers and is structured in an 
l photolithography step. 50 µm square vias are 
 through the SiC substrate using dry etch. The 
l cross-section of the vias is also rectangular.
is no significant under-etching of the mask. After
ch step, this mask is removed and a backside
ization step with thick galvanic gold is applied.
 depicts a SEM picture of the cross-section of
l via holes in the SiC substrate which have a good



vertical shape together with a sample frontside HEMT
structure. The remnants of gold metallization in the via
cross section remain from the mechanical splitting of the
wafer.

IV. DEVICE MODELING AND MEASUREMENTS

A full microstrip passive component library has been 
extracted from passive test wafers featuring via test
structures, transmission lines, T-junctions, MIM
capacitors, and inductances in addition to the standard 
passive elements available within Agilent ADS. The via
structure was investigated in Agilent HFSS 3D structure 
simulation and found to be in good agreement to the
measurements and the extracted lumped-element via 
model within ADS. The RF behavior and the low DC
resistance of the vias were found to be very reproducible
with a DC resistance of less than 15 m . In the via 
model extraction, the inductance value for a 50 µm
square via through the 100 µm thick SiC substrate was 
found to be approx. 14 pH.

For large-signal modeling of the active devices, an in-
house large-signal model including frequency dispersion
and thermal effects was used [7]. This model was 
adapted to the microstrip environment with a revised
parasitics structure including the via inductances and 
backside ground capacitances. As a direct model
verification on device level, CW load-pull measurements
have been performed for power cells with Wg= 1 mm
yielding a power density of 5.2 W/mm at 10 GHz, a
linear gain of 13 dB, and a power added efficiency of 
33 % at VDS = 35V. A typical power sweep for the 
WG = 1 mm device with load reflection coefficient tuned 
for optimum output power is depicted in Fig. 2.

Fig. 2. Output power, PAE and gain vs. net input power for 
a WG = 1 mm HEMT at 10 GHz and VDS = 35 V.
Measurement: Triangles (blue), Simulation: Squares (red).
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V. MICROSTRIP MMIC CIRCUIT DESIGN

EMT basic cell with 1 mm total gatewidth
5 µm) was chosen for the design approach. For 
ll, the load-pull contours for net output power, net
and efficiency were obtained from an ADS 
tion with our large-signal device model at 3 dB
ession level for a DC drain voltage of VDS = 30 V
F input frequencies between 8 GHz and 12 GHz
GHz step. The simulated net gain for maximum

 power at 10 GHz is 10 dB at VDS = 30 V.
ore, an amplifier design goal of 18 dB gain and 
output power requires a two-stage design with a 

atewidth of 4 mm (four FET cells) in the final
nd 2 mm (two FET cells) in the input stage.

ead of a parallel connection of two amplifier
es having e.g. two of four base cells in each final 
we follow a modular concept using two separate

 comprising four-way splitters in the final stage and
ay splitters in the driver. This corresponds to three 
e combiner and matching networks which are
ed using mirror devices after [9] based upon the

of the optimum load and source reflection
ients which were obtained from the above load-

mulations at different frequencies.
 output matching network (OMN) is designed to
rm the external 50  load near the optimum load

ance for maximum power output at the drain
ce planes of the four FET base cells of the PA
The input matching network (IMN) and the

age matching network (ISMN) are designed for
atching near the upper band edge, yielding to a 

ent flat gain response. In addition, a "forced 
ing" using a 50  parallel resistor is introduced at 
 input side of the IMN to improve the matching at
er band edge and to ensure the "outband" stability
entire two-stage circuit. For the upper band edge, 

rced matching is made ineffective by means of a 
l resonator circuit. As an important final design
 circuit stability check using Z parameter ports at
nd drain of each FET as described by Ohtomo [8] 
ormed.
 above-mentioned passive microstrip library is used 
ally for elements for which no model elements
n ADS, e.g. special MIM capacitors. The coupling 
cent microstrip structures is taken into account by 

ming a structure simulation as final design step
simulator for planar structures, ADS momentum)
per description of rather compact MMIC circuits.
S passive microstrip element library is adapted to

chnology and significantly speeds up the design
yout process using the automatic layout generation
 within ADS.
our AlGaN/GaN HEMTs, the optimum load 

ances, which were determined as first step of the



design procedure, agree very well with a parallel
connection of the "Cripps" resistance and an inductive
reactance. The latter is calculated from the negative
small-signal output capacitance which is the sum of
drain-source capacitance Cds and gate-drain capacitance 
Cgd which were extracted from small-signal S-parameters
up to 10 GHz. This comparison is depicted in polar
representation in Fig. 3 for the frequency range from
5 GHz to 12 GHz.

Fig. 3 Optimum load impedance vs. frequency: Large-
signal simulation (squares) vs. small-signal "reactive Cripps"
approach (circles) for VDS = 30 V between 5 GHz and 
12 GHz.

VI. MMIC SMALL-SIGNAL PERFORMANCE

Fig. 4 shows a chip photograph of the two-stage high-
power microstrip amplifier MMIC. The chip size is 
4.5 mm x 3 mm, including large-area bias decoupling
capacitors and DC bias pads for direct on-wafer test. The 
measured CW S-parameters of the amplifier are
investigated at different DC drain voltages (VDS = 15, 20, 
and 25 V) and gate voltage adjusted for rather small drain
currents below the maximum of the transconductance
(VGS = -5 V). As depicted in fig. 5, the output reflection
coefficient is better than 8 dB from 7 GHz to 12 GHz, the 
input match is better than 8 dB between 9 GHz and 
11 GHz. A maximum S21 of 18 dB is measured at 
8.5 GHz in CW mode at VDS = 15 V and decreases to 
16.5 dB at VDS = 25 V at this gate bias. The reflection
parameters S11 and S22 are rather insensitive to a change
of the drain voltage. From 8 GHz to 10 GHz, the gain is 
larger than 15 dB. The reverse isolation is better than
-40 dB for all frequencies.

VII. PULSED LARGE-SIGNAL MEASUREMENTS

A power sweep under RF- and DC pulsed operation of
the MMIC is presented in fig. 6. These measurements
were performed on different samples with a HP8510 
network analyzer with "pulsed-RF" option and an Agilent
85124 pulsed bias system. The quiescent bias conditions 
were set to "cold pinch-off" (VDS0 = 0 V and 
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 -7 V), the on-state bias was near the maximum
nductance for VGS, and a drain voltage of 

31 V. The pulse duration was 100 µs with 10 %
ycle. With a maximum input power of 24 dBm at a 
ncy of 8.5 GHz, an output power of 39.5 dBm was 
red with a gain compression of more than 6 dB
ced to a small-signal gain of 21 dB, i.e. the power 
 15.5 dB. In large-signal operation, the efficiency
imum power is more than 20 %. The noise in the

 sweep curves in fig. 6 for low and medium input
levels is related to the limited dynamic range of

ulsed-RF measurement system. The maximum
red output power under pulsed-RF operation is
elow the simulated value, and the measured gain

ession level is 0.5 dB below the simulated value.
ifference in the maximum output power is mainly
 residual losses in the passive microstrip output
ner and matching network which are not covered in
ucture simulation of this circuit part.

Chip photograph of the two-stage microstrip X-band
 amplifier. Chip size is 4.5 mm x 3 mm.
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 7 displays the maximum output power and the
signal gain vs. the DC drain pulse voltage for the
pulsed-RF power sweep measurement at 8.5 GHz.
tput matching was optimized for maximum output
at a drain voltage of VDS = 30 V. Output power



and linear gain were measured up to a pulsed drain bias
of VDS = 33 V. For a drain bias of VDS = 15 V, the output
power decreases to 31.5 dBm. A decrease of 6 dB in 
saturated output power would be expected for an ideal
"Cripps" load and zero knee voltage if the drain voltage
is reduced by a factor of two. The measured decrease in
output power is approx. 8 dB in the range from
VDS = 31 V to VDS = 15 V due to the non-zero knee 
voltage of the real device.
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Fig. 6 Pulsed output power and gain measurement at 
VDS0 = 31 V with a pulse length of 100 µs and 10 % duty
cycle at f = 8.5 GHz.

Fig. 7 Maximum pulsed-RF output power and small-signal 
gain vs. pulsed drain bias voltage at 8.5 GHz.

VIII. CONCLUSIONS

A microstrip AlGaN/GaN HEMT MMIC technology
on semi-insulating SiC substrate including a complete
backside processing, i.e. substrate thinning and via hole
etching, was developed. A high-power two-stage
microstrip MMIC amplifier intended for radar
applications in X-band was demonstrated in this
technology. Covering the frequency band from 8 GHz to 
10 GHz, the maximum pulsed output power with 10 %
duty cycle and a pulsed drain voltage of VDS0 = 31 V was 

39.5 d
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Bm (8.9 W) while the maximum linear gain was 
han 20 dB. The maximum efficiency is larger than 
The presented results are obtained from a first
 cycle and are encouraging for future X-Band radar 
ations. However, future circuit design work will be
d to improved PAE and increased bandwidth, and 
lity will be further investigated to enable full use of
h power density of the AlGaN/GaN HEMTs in the
trip environment.
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