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Different wideband amplifiers, hybrid designs at lower frequencies, and monolithically integrated circuits (MMIC) at higher
frequencies were designed, fabricated, and measured. These amplifiers are all based on AlGaN/GaN HEMT technology. The
future applications for these types of amplifiers are mainly electronic warfare (EW) applications. Novel communication
jammers and especially active electronically scanned array EW systems have a high demand for wideband high power ampli-
fiers. The second application also needs high robust low noise amplifiers for its receive path. Output power levels of 38 W for
hybrid amplifiers at lower frequencies up to 6 GHz and 15 W for the MMIC power amplifiers at higher frequencies are
measured. With these building blocks, novel EW system approaches can be investigated.
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I . I N T R O D U C T I O N

In the wireless communication industry the GaN technology
is already established. It will complete or even replace the
state-of-the-art LDMOS technology widely used today. This
is especially true when looking for high-efficiency amplifiers
for the third generation and the upcoming fourth generation
in the frequency range above 2 GHz. New amplifier concepts
like envelope tracking or Doherty amplifiers [1] are already
demonstrated using GaN technology.

The second field of application, where GaN technology has
already shown its potential, is amplifiers for radar transmit/
receive (T/R) modules. These T/R modules are key elements
in active electronically scanned array (AESA) radars, which
are increasingly being favored over conventional mechanically
scanned systems. The achievable radar range of such an AESA
radar is mainly determined by the output power and the noise
figure of the antenna. Both properties can be improved using
GaN technology [2–4]. With the GaN technology, high power
amplifiers (HPAs) with higher output power compared to
GaAs monolithically integrated circuits (MMICs) are
already demonstrated [5–7]. Based on such MMICs the first
T/R module demonstrators are realized [8, 9].

Besides the need for more output power, there is a trend for
wide bandwidth power amplifiers in the secure communi-
cations, radar, and specially electronic warfare (EW) business.
In this context wideband means relative bandwidth up to
100%. Possible applications for high power wideband ampli-
fiers can be:

– Secure communication systems realized with spread spec-
trum techniques or realized as software defined radio
have a demand for high power wideband amplifiers in the
frequency range from some MHz up to 4 GHz.

– Future radar systems with multiband functionality, e.g.
combining the C- and X-band [2].

– Small communication jammers in the frequency range
from 2 to 6 GHz for dealing with remote controlled impro-
vised explosive devices (IEDs).

– EW jammers based on an AESA approach for intelligent
jamming for frequencies up to 18 GHz.

In the future there is even a combination of these func-
tionalities possible. In such multi-function arrays, there are
different functions integrated, like radar, all kinds of EW
functionality and communication. The GaN technology is
an enabling technology for these multi-functional array
systems.

In his paper the design and the achieved performance of
different wideband amplifiers, both hybrid assemblies and
MMICs based on GaN technology, are presented.

The MMIC and hybrid amplifier designs, simulations, and
measurements are done at EADS Defence Electronics, Ulm.
The wafer and MMIC fabrication is done at the Fraunhofer
Institute of Applied Solid-State Physics, Freiburg.

I I . H Y B R I D H I G H P O W E R
A M P L I F I E R S

With the upcome of remote-controlled IEDs, a new field of
application for communication jammers grew up. Before
that threat jamming in the communications frequencies
usually was performed by large, dedicated EW platforms.
They were designed to jam communications at higher dis-
tance. The new threat is more demanding to jam in the
direct surrounding of the unit to be protected. For this
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application new wideband amplifiers with output power levels
up to 50 W are necessary.

A one-stage HPA for pulsed and CW applications in a fre-
quency range from 2 to 6 GHz was designed as building block
for this type of application (Fig. 1). The active element is a
GaN powerbar in 0.5 mm gate technology on 100 mm SiC sub-
strate with eight transistors each 6 × 250 mm gate length. The
powerbar is soldered with AuSn on a 60 mil gold-plated
CuMoCu heat spreader.

The pre-matching networks and the drain bias stub are rea-
lized on high-k substrate with a dielectric constant 1r ¼ 36
(Zirconium Tin Titanate, TD-36). For low loss microstrip
applications, the substrate material is used with a polished
surface finish and a 26 mm gold layer. The different substrate
heights of SiC and TD-36 are adapted by a milled powerbar
pedestal of 200 mm thickness at the heat-spreader. Hence,
short bonding distances between powerbar and matching net-
works are achieved.

The intention of this first step design was the evaluation of
the high-k substrate and the heat-spreader material concern-
ing electrical and thermal performance in broadband HPA
applications. High-k material offers the possibility to realize
compact low impedance matching networks, especially for
broadband applications down to 2 GHz. An important
aspect of combining the eight transistors to the matching net-
works is the application of slotted tapers bonded to the gate
and drain contacts. In addition with the thin film resistors,
integrated on the powerbar, excellent odd-mode suppression
is obtained. In this first step design, an exponential tapered
line for the output impedance matching with distributed
reactive matching elements is used. The input line width is
modulated to reduce the total circuit length. For even-mode
stabilization, a NiCr thin film resistor in parallel to ceramic
capacitors is used. The planar matching networks are EM
simulated with ADS Momentum. Due to the high 1r, simu-
lation accuracy with standard microstrip ADS models seems
not to be sufficient in general. Especially the EM simulations
of microstrip junctions for wide lines and open stubs differ
to the results obtained with standard models. However, the
simulations of tapered, respectively, width modulated micro-
strip lines using the tapered microstrip model provide good
results during the design optimization phase.

Furthermore, due to the high 1r and the low substrate
thickness lines with an impedance of 50 V would be very
narrow. For low loss, respectively, high power applications
input and output matchings have been carried out to a refer-
ence impedance of 20 V. For testing the building block in a
50 V coaxial-jig, transformations from 20 to 50 V are realized
by exponential tapered lines on standard soft substrate
(Rogers RO4003C).

The gate bias network is connected to the input line on the
soft substrate close to the 20 V port. The RLC circuit is
implemented in SMD technology. Resistive elements in the

gate bias network are important for even-mode stability at
low frequencies and pulsed mode operation. The drain bias
stub on TD-36 substrate is connected to ceramic and SMD
capacitors. Total capacitance value is chosen as small as poss-
ible to achieve short rise and fall times in case of drain bias
pulsing.

The simulated small signal performance versus measure-
ment is shown in Fig. 2. The amplifier is measured in CW
mode with 40 V drain bias voltage in class-AB operation.
The building block was designed for 10 dB linear gain up to
6 GHz. For frequencies close to 2 GHz the measured linear
gain increases to 16 dB. Close to 6 GHz the measured linear
gain decreases stronger as expected. A part of the measured
slope is linked to a weak input matching at frequencies
around 6 GHz as it can be seen in Fig. 2. Limiting effects of
the powerbar, not accounted in the nonlinear transistor
model during the first design phase, are an additional
reason for that slope. A reduced drain voltage of 30 V
instead of 40 V results in max. 1 dB drop in linear gain. Due
to the very low input impedance of the powerbar, the
measured broadband input matching is 3 dB to 8 dB, only.

Pulsed power measurements (Fig. 3) at 40 V with 50 ms
pulse length and 10% duty cycle results in a peak output
power of 75 W at 2.25 GHz and 20 W at 5.75 GHz at 5 W
input power. The associated efficiency is measured between
57% at 2.25 GHz and 23% at 5.75 GHz. However, due to
self-heating of the powerbar the output power decreases in
CW operation more than expected. Maybe, there is a signifi-
cant thermal limitation due to the milled powerbar pedestal,
which reduces the thickness of the first copper layer at the
heat-spreader outside the powerbar area. Thermal simulations
for different mounting topologies are under investigation.
Measurements with reduced drain bias voltage of 35 V
result in a good tradeoff between dissipated and output
power. Up to 38 W output power is measured in CW mode.

In a redesigned building block the powerbar with 12 mm
gate width is driven by a powerbar with 6 mm gate width.
Input and interstage matching networks are resistive to
achieve flat broadband gain response and good even-mode
stability. Two amplifier branches are combined on one heat-
spreader as drop-in submodule. The total size of the drop-in

Fig. 1. Photo of the hybrid power amplifier building block.

Fig. 2. Measured small signal gain and input return loss versus frequency of
the GaN hybrid amplifier at VDS ¼ 40 V compared with the simulated
performance.
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amplifier is 46 mm × 24 mm. In opposition to the first design,
no powerbar pedestals are used to improve heat spreading.
Hence, the longer bond distances, respectively the higher bond
inductances, have to be compensated in the broadband design.

Furthermore, the accurate positioning of the powerbars
during the solder process takes more efforts.

The input and output matching from 20 V, per amplifier
branch of the submodule, to the 50 V SMA connectors is
placed on soft substrate. The matching networks consist of a
line transformer and the first stage of a broadband three-stage
Wilkinson coupler. The next two stages, including the NiCr
resistors for odd-mode suppression, are carried out on the
high-k substrate. With this three-stage Wilkinson coupler,
distributed on two different substrates, a matching and port
isolation of better than 16 dB is realized over the whole fre-
quency range from 2 to 6 GHz. The expected additional loss
of this 3 dB coupler is less than 0.8 dB. The low loss and the
compact topology benefit from the application of the two
substrate materials.

The simulated input pre-matching of the amplifier
branches is better than 5 dB to the 10 V reference impedance.
The output pre-matching of the amplifier branches is realized
to a 10 V reference impedance, too.

A even more compact solution compared to the first build-
ing block is possible. To improve the input and output match-
ing a balanced configuration is used. For that, a quarter
wavelength line at center frequency is added to one branch
at the input and output Wilkinson coupler. This results in
simulated 8 dB input matching at the edge frequencies and
20 dB at the center frequency. The expected linear gain at
the SMA ports between 2 and 6 GHz is between 17 and
20 dB. To reduce the thermal stress in CW operation, the
amplifier is optimized for a drain bias voltage of 28 V
instead of 40 V. The simulated output power level is about
35 W versus the specified frequency range, with an associated
power gain of 15 dB. Furthermore, due to the medium drain
bias voltage of 28 V the optimum load resistance of the power-
bar is close to 1:1.52 of the optimum load resistance at 40 V
(5 V knee voltage accounted). Assuming a constant drain–
source capacitance, this results in up to 52% more frequency
bandwidth or an improved drain matching versus the
frequency bandwidth.

I I I . W I D E B A N D P O W E R
A M P L I F I E R M M I C S

Another field of applications besides the substitution of GaAs
is the substitution of microwave power tubes. With GaN
MMICs it is possible to realize AESA EW jammers, due to
the output power level and also the broadband capability.
With these new jammers an intelligent directed jamming
is possible, reducing the total radiated power. The solid state
solution has an extremely higher linearity compared to the
realization with tubes.

In the frequency range from 6 to 18 GHz several power
amplifiers were designed and measured, this includes both
driver amplifiers and HPA. For the HPAs different amplifier
topologies were realized. These MMICs are building blocks
for future wideband HPA chains.

A) Driver amplifier (DA)
The MMIC driver amplifier is designed as a two-stage ampli-
fier with one transistor of 8 × 75 mm gate width in the first
stage and two transistors in the second stage (see Fig. 4).
The amplifier is designed for 50 V impedance at the input
and output port. One design objective was to provide
enough input power for two HPAs in parallel configuration
in the frequency band from 6 to 18 GHz.

The maximum measured output power in CW mode is
higher than 4 W while operating in saturation mode with
up to 5 dB gain compression (Fig. 5). The operational
frequency band of this MMIC is compressed toward lower
frequencies. Detailed resimulations showed that the root
cause for this frequency limitation was an inaccuracy in the
passive MIM capacitor models used during the design.

The measured saturated output power is even a little bit
higher than predicted by the simulation. The achieved
output power is sufficient for driving one or two HPAs in
the frequency range between 6 and 16 GHz.

B) High power amplifier
In Fig. 6 a wideband HPA MMIC optimized for 6–18 GHz is
shown. The HPA is a two-stage design with two transistors
(6 × 100 mm gate width) in the first stage and four transistors

Fig. 3. Measured output power and efficiency versus frequency of the GaN
hybrid amplifier at VDS ¼ 40 V in pulsed operation mode.

Fig. 4. Photo of a GaN DA MMIC chip. Chip size: 4 × 3 mm.
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(8 × 100 mm gate width) in the second stage. The simulated
linear gain response was 13–18 dB versus specified frequency
range with more than 10 dB port matching (Fig. 7). On-wafer
small signal measurements of the HPA have shown a strong
limitation of bandwidth for frequencies higher than 15 GHz,
this is also linked to the inaccuracy of the MIM capacitor
model used for the design.

In CW operation mode, an output power level up to 7 W is
measured for 30 V drain bias voltage. Figure 8 shows the output
power versus frequency up to 17 GHz for pulsed operation. In
this case, the peak output power level increases up to 13 W due
to the improved thermal conditions. A small signal gain
between 22 dBm at 6 GHz and 14 dB at 15 GHz is measured.

C) Nonuniform distributed power
amplifier (NDPA)
A different approach to satisfy the requirement, high output
power over a wide frequency range, is the NDPA [10].
Figure 9 shows a 10 transistor NDPA MMIC designed for
6–18 GHz applications. The first transistor of the NDPA has a gate width of 6 × 125 mm and each of the following nine

transistors have a gate width of 6 × 50 mm. The design goal
was to find matching lines at gate and drain as short as poss-
ible to obtain small chip sizes. In an NDPA all transistors have
to be loaded with their optimum impedance to achieve
maximum output power of each transistor. To obtain

Fig. 5. Comparison of the simulated and measured saturated output power
and small signal gain versus frequency of the GaN DA MMIC.

Fig. 7. Measured small signal gain and input return loss versus frequency
of the GaN HPA MMIC at VDS ¼ 30 V compared with the simulated
performance.

Fig. 8. Measured output power and linear gain versus frequency of the GaN
HPA MMIC at VDS ¼ 30 V in pulsed operation mode.

Fig. 6. Photo of a GaN HPA MMIC chip. Chip size 4.5 × 3.5 mm. Fig. 9. Photo of a GaN NDPA MMIC chip. Chip size: 5.5 × 3 mm.
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reasonable matching results in microstrip technology, the first
transistor will be chosen usually with a two to three times
larger gate width as the following transistors. The limiting
factor is the minimal line width in the first section of the
drain matching line. The drain matching is optimized better
than 6 dB for the first transistor and better than 9 dB other-
wise. To realize a compact design as shown, each transistor
must be weakly capacitive coupled to the gate matching line.
Best results can be achieved with a low impedance gate line.
Due to the weak coupling the achievable linear gain of the
NDPA is small (Fig. 10). One solution of this problem is
using cascode transistors instead of using normal transistors
in common source configuration. The model of these
cascode transistors was not available for this first design
iteration, they will be used in the next iteration.

However, the measured and simulated linear gain shows a
good flatness versus the specified frequency range (Fig. 10).
The simulated matching is better than 10 dB at the input
and better than 15 dB at the output. The measured results
are close to 10 dB. Furthermore, the obtained frequency band-
width is close to the expected performance. The measured
output power level for CW operation is 8 W. Due to improved
thermal conditions in pulsed operation, an output power level
of 15 W is obtained.

I V . R O B U S T L O W N O I S E
A M P L I F I E R M M I C S

Good power-handling capabilities of GaN devices are not only
advantageous for high power applications but also can serve
for constructing highly robust LNAs. In the receive path of
modern EW systems these robust LNAs are required. In par-
ticular when AESA EW systems will be realized, the receive
path needs the same frequency bandwidth as the transmit
path. For the lack of space a bank of filters cannot be used
and a single wideband LNA must be used.

In overdrive condition the input transistor can fail due to
excessive gate current. This gate current can occur either by
turn-on of the gate diode during forward conduction or by
impact ionization break down under very high gate reverse
voltage [11]. One method to keep the gate current within

save limit is the introduction of a gate series resistor. In this
way, a feedback mechanism is introduced which decreases
gate current by shifting the gate voltage to more negative
values. However, this method solves the gate current problem
during forward conduction but increases the reverse voltage.
Since gate breakdown voltage in GaN devices is usually rather
high this will normally impose no drawback. However both
limitations have to be considered for optimum design.

A second method for increasing robustness is reducing the
RF input power to the first stage. For this purpose a self-
controlled limiter (patent pending) was designed. Under
small signal condition this circuit acts as a small parallel
capacitance which is incorporated in the input matching cir-
cuitry for the first stage. When imposed to high input power
the parallel transistor of the limiter is forced into conduction.
The input match becomes detuned and reduces the input
power to the first LNA stage.

Several two-stage LNA designs have been realized with gate
resistor. The resistor was chosen to ensure a safe limit in gate
current dependant of the device gate width (IG ¼ 10 mA/mm)
and simultaneously not exceeding the breakdown voltage of
the gate diode (BV ¼ 80 V). This applies to the first stage
and in a relaxed manner also for the second stage. In Fig. 11
one of these LNA MMIC is shown.

In Fig. 12 the simulated and measured noise figure of the
GaN LNA MMIC is shown. The obtained noise figure is very

Fig. 10. Measured small signal gain and input return loss versus frequency of
the GaN NDPA MMIC at VDS ¼ 30 V compared with the simulated
performance.

Fig. 11. Photo of a GaN LNA MMIC chip. Chip size: 3 × 2 mm.

Fig. 12. Comparison of the simulated and measured noise figure versus
frequency of the GaN LNA MMIC with VDS ¼ 15 V. NFmin ¼ 1.6 dB.
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close to the expected one over the whole frequency band. The
minimum noise figure is only about 1.6 dB. Over a frequency
range of 7 GHz a noise figure below 2.5 dB is achieved.

The saturated output power of the LNA is about 27 dBm.
First robustness tests have been performed up to 10 W
input power level, leading not to any destruction at the
LNA. At this input power level, the LNA is about 30 dB in
compression.

V . C O N C L U S I O N

First hybrid building blocks for future HPA applications in the
frequency range from 2 to 6 GHz are demonstrated. Output
power levels in the range of 38 W are measured. A whole
GaN MMIC wideband amplifier chip set for new AESA EW
applications was designed, simulated, fabricated, and
measured. Output power levels up to 15 W for the transmit
path HPA and a noise figure of 1.6 dB for the receive path
robust LNA are achieved. The limitation in the frequency
bandwidth is analyzed and will be solved in the next designs.
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