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Abstract—The design and performance of a wideband power
amplifier MMIC suitable for electronic warfare (EW) systems and
other wide bandwidth applications is presented. The amplifier
utilizes dual field plate 0.25-pum GaN on SiC device technology
integrated into the three metal interconnect (3 MI) process flow.
Experimental results for the MMIC at 30 V power supply opera-
tion demonstrate greater than 10 dB of small signal gain, 9 W to
15 W saturated output power and 20% to 38 % peak power-added
efficiency over a 1.5 GHz to 17 GHz bandwidth.

Index Terms—Distributed amplifier, gallium nitride (GaN),
MMIC, power amplifier.

I. INTRODUCTION

ODERN electronic warfare systems specify amplifiers

with high power, wide bandwidth and high efficiency.
Until recently, solid-state monolithic amplifier solutions have
been capable of addressing this need for only modest output
power levels. System designers have had to rely on TWT based
power amplifiers to achieve order of magnitude increases in
output power over available solid-state devices. Wideband
power amplifiers MMICs are also in demand for the test equip-
ment market as well as general use.

To better serve these requirements researchers have de-
veloped power amplifier MMICs utilizing the nonuniform
distributed power amplifier (NDPA) approach [1]-[5]. Impres-
sive results have been published in both GaAs and GaN based
semiconductor technologies. The achievable output power with
the NDPA approach is proportional to V.7 /Ry, where V; is the
power supply voltage and Ry, is the load impedance that the
amplifier is driving. The output power of the amplifier may be
increased by designing it to operate with a higher power supply
voltage or to drive a lower load impedance.

If the power supply voltage is limited by the transistor tech-
nology being used then designing the NDPA for a lower load
impedance is a viable option. Of course if the amplifier is ulti-
mately to be operated in a 50 2 system, impedance transforming
networks will be required which may reduce the overall gain,
bandwidth and output power of the circuit. A recent example of
this approach was reported by Meharry et al. [1]. The two-stage
power amplifier MMIC combines four NDPA sections designed
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Fig. 1. DC transfer characteristics of GaN HEMT.

to drive a 3 2 load impedance with a wideband impedance trans-
forming network that brings the output impedance back to 50 €.
Measured results under pulsed power conditions for the MMIC
demonstrate 4 W output power and 20% to 30% power-added
efficiency (PAE) over a 4-18 GHz bandwidth using a GaAs
PHEMT process operated at 5 V.

The other option for increasing output power is to use a high
voltage transistor technology and a correspondingly higher
power supply voltage. Modern GaN transistors are well suited
for this application allowing a near order of magnitude increase
in power supply voltage while delivering similar gain and
efficiency performance as GaAs PHEMT devices [6]. Recently,
results for a wideband GaN NDPA MMIC were published by
Gassmann et al. [2]. Measured continuous wave (CW) data
for this MMIC demonstrate 5 W to 7 W output power and
19% to 32% PAE over a 2—-15 GHz bandwidth for 20 V power
supply operation. In this paper the design and measured CW
performance of a GaN on SiC NDPA MMIC covering a 1.5 to
17 GHz frequency range are presented.

II. DEVICE TECHNOLOGY

The AlGaN/GaN MMIC was fabricated entirely with the
TriQuint Semiconductor baseline process on the 3-inch GaN
on SiC manufacturing line. The epitaxial structure has a SI
GaN buffer with advanced Fe-doping for improved isolation.
An AIN spacer was inserted between the buffer and the AlIGaN
schottky barrier layer. The surface was terminated by a GaN
cap layer for better leakage performance.

The active device epitaxial layers were isolated by per-
forming mesa etch down to the GaN buffer. The ohmic
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Fig. 2. DC and pulsed IV characteristics of GaN HEMT.

source-drain spacing was 4 pm with nominal contact resis-
tance of 0.5 €2 mm. The contacts were formed by alloying a
Ti/A/Mo/Ti/Au metal stack at 850°C. The gate-length was
defined by patterning and etching a 0.25 pgm opening in the
SiNy. A second patterning and subsequent metallization over
the etched SiNy opening completes the gate metal and forms an
integrated field-plate. In addition, a source-connected second
field-plate (2FP) was implemented to reduce the high-field
related device degradation. The distance from the source to the
2FP was selected to improve the PAE and gain at high voltage.
For backside via, the SiC wafers were ground and polished
to 100 pm, and the GaN/SiC vias were etched in an ICP-RIE
process. Finally, the backside ground plane was plated with
> 4 um of Au.

The DC transfer characteristics are measured at Vps = 10 V
and Vgg = —7V to 1.5 V. Median threshold voltage was
—4.2 'V with standard deviation of 0.35 V across four wafers.
The maximum dc transconductance was 300 mS/mm. Max-
imum drain current at Vgs = 1.5V was 1.2 A/mm. A typical
transfer curve is shown in Fig. 1. The Schottky forward turn-on
voltage was 1.3 V at | mA/mm and reverse two-terminal break-
down voltage was greater than 80 V for Igp = 5 mA/mm.
Typical three-terminal Vgyps is 60 V for Ipg = 5 mA/mm.

The DC 1V characteristics of a 200 um FET are plotted in
Fig. 2(a). The peak drain current was measured at Vgg = 2V
and the device is completely pinched off at Vg = —4 V and
Vps = 30 V. The thermal-related droop starts to impact the
device when the gate is biased at —1 V or higher as shown the
figure. The pulsed IV performance is routinely monitored as part
of the statistical process control. Fig. 2(b) shows a representative
pulsed IV plot measured with a DIVA system. Each measure-
ment is pulsed from a quiescent bias condition of Vgg = =5V
and Vpg = 30 V. The data shows that pulsing from a completely
pinched off state to a fully-on state, results in minimal current
collapse and Ips of 1.2 A/mm is achieved.

The peak f7 measured at Vps = 20 Vis 25 GHz and 10 GHz
load pull data at 40 V drain bias for 4 x 100 um FET cells
consistently shows 7.5 W/mm, 65% PAE, and 14 dB of as-
sociated power gain. For a typical amplifier bias condition of
30 V=200 mA/mm, fr and fy.x are nominally 25 GHz and
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Fig. 3. 18 GHz load pull results at 40 V bias.

105 GHz, respectively. Load pull data under continuous wave
conditions at 18 GHz is plotted in Fig. 3 for a4 x 100 ym FET
with a 40 V drain bias and 100 mA/mm quiescent current. The
results demonstrate greater than 50% PAE with an associated
6.2 W/mm output power and 10 dB power gain.

III. CircuUIT DESIGN

As discussed in Section I, the NDPA topology was selected
for this design. Theoretical details regarding this architecture
are well described in the literature and will not be repeated here
[3], [4]. A simplified schematic diagram for the basic NDPA cir-
cuit is shown in Fig. 4. The approach is to taper the drain line
characteristic impedances, Z, ,, to better maintain a near op-
timum load for all of the FET cells. Under the following simpli-
fying assumptions an approximate analysis of the circuit shown
in Fig. 4 can be performed to provide an initial estimate for
the drain transmission line impedances. First, the transmission
line lengths can be adjusted such that the transistor currents add
in-phase, and second, the FET output capacitance C), can be
absorbed into the transmission lines. Given the simplifying as-
sumptions the output of the nth transistor in the amplifier can be
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Fig. 4. Basic NDPA topology.

modeled as shown in Fig. 5. Summing the currents at the drain
node and solving for the load impedance presented to the FET

n—1

Io.

v ; Qi
Rp,n = = Zo,n 1+
—lq., lq,
'Zl WQi
= Zo,n =_— . (1)
Wa.

Note that in (1) transistor current has been replaced by device
periphery. This is a valid substitution if all transistors are biased
the same and driven equally. Normalizing the load impedances
in (1)

Ry(Q-mm) = R, ,Wo, = Zom »_ W, 2)
=1

Presumably the normalized optimum load resistance is a known
quantity for the process and is extracted from load pull data.
Solving (2) for the unknown characteristic impedances results
in the following:

Zom = M_ 3)
Zl Wa,

For transistor closest to the output (n = N), Z, v = Ry, and
(3) reduces to the following:

~
R,(2- mm)
Ry ;:1 W, 4

This is the expected result. At low frequency the individual FET
optimum load resistances, R, ,, will combine in parallel and this
parallel combination should be equal to the load impedance Ry,
to maximize the output power of the amplifier. In other words,
given the normalized optimum load resistance the total FET pe-
riphery will be constrained by (4) for an optimally matched de-
sign. This constraint on the total transistor periphery is also a
constraint on the output power of the amplifier. Transforming
the load impedance to a lower value allows for increased pe-
riphery and a corresponding increase in output power.
Consider the 10 cell example shown in Table I where two
different cases have been analyzed. The first case utilizes equal
periphery FET cells and illustrates a fundamental problem. Due
to the high voltage operation of GaN devices, FET cells typical
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Fig. 5. Simplified FET output model.

of the frequency range of interest can easily have normalized
R, exceeding 100 Q2. Unfortunately, it is difficult to realize mi-
crostrip transmission lines with characteristic impedances much
greater than about 120 €2 with the existing GaN on SiC process.
The first transmission line for the equal cell size case is com-
pletely unrealizable. This transistor will be poorly loaded and
will operate at reduced output power and efficiency. The situa-
tion can be improved by making the first FET cell larger than
those that follow, effectively limiting the maximum transmis-
sion line impedance in the circuit [4]. One can far better ap-
proximate the characteristic impedance of the first transmission
line for the unequal FET size case. The estimated output power
shown in Table I is calculated assuming a sine wave output as
V2/2Ry.

Typically NDPA designs utilize capacitors in series with the
gate of each FET cell to increase the cut-off frequency of the
composite gate transmission line at the expense of gain. The
series capacitor values should also be tapered to equalize the
RF drive voltage present at the gate of each transistor. A high
value resistor will have to be placed in parallel with each gate
capacitor to provide a gate bias path for the FETs.

A design goal for this MMIC was to achieve a 10:1 band-
width including X-band and as much of Ku-band as possible. It
was determined that a 10 cell design optimized the small signal
gain over this frequency range [3]. Utilizing (3), an approxi-
mate analysis for the case of a 35 (2 load impedance is shown
in Table II. The first cell is sized at 520 pm with the remaining
9 cells sized at 320 um each for a total periphery of 3.4 mm.
The strategy is to use a quarter wave transmission line, centered
near the upper band edge, to transform the 50 €2 load to 35 2.
This approach will peak up the output power and efficiency
at the upper band edge while sacrificing some performance at
lower frequencies. This trade-off is reasonable because the tran-
sistor technology has better performance and the matching net-
work exhibits lower loss at low frequency. Using the data shown
in Table II as a starting point the circuit was optimized with
AWR Microwave Office utilizing nonlinear EEHEMT models
fit to pulsed IV, small signal s-parameter and load pull data. The
matching networks and drain bias circuits were then finalized by
extensive EM simulation with the Sonnet EM software package.

Circuits were fabricated with the TriQuint Semiconductor
three-metal interconnect (3MI) process which features high
density capacitors (1200 pF/mm?), thick plated lines (6.77 pm)
and capacitors constructed directly over substrate vias. A
photograph of the completed MMIC is shown in Fig. 6; the cir-
cuit dimensions are 5.54 mm X 2.77 mm. A schematic diagram
of the circuit is shown in Fig. 7.
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TABLE I
TEN CELL NONUNIFORM DISTRIBUTED PA EXAMPLE
NDPA Example FET Equal FET Sizes Unequal FET Sizes
FET Rp (Ohm-mm)= 120 | Number | WQ(mm) | Zo (Ohm) | WQ(mm) | Zo (Ohm)
RL (Ohm) = 50 1 0.24 500 0.60 200
Total FET Width (mm) = 2.4 2 0.24 250 0.20 150
Number of Cells = 10 3 0.24 167 0.20 120
Supply Voltage (V) = 30 4 0.24 125 0.20 100
Max RF Power (W)= 9.0 5 0.24 100 0.20 86
6 0.24 83 0.20 75
7 0.24 71 0.20 67
8 0.24 63 0.20 60
9 0.24 56 0.20 55
10 0.24 50 0.20 50
TABLE 11
TEN CELL NONUNIFORM DISTRIBUTED PA DESIGN
GaN NDPA Design FET | WQ(mm) | Rp (Ohm) | Zo (Ohm)

FET Rp (Ohm-mm) = 120 1 0.52 231 231

RL (Ohm)= 35 2 0.32 374 139

Total FET Width (mm) = 3.4 3 0.32 374 102

Number of Cells = 10 4 0.32 374 80

Supply Voltage (V)= 30 5 0.32 374 66

Max RF Power (W) = 12.9 6 0.32 374 56

7 0.32 374 49

8 0.32 374 43

9 0.32 374 39

10 0.32 374 35

Y

Fig. 6. Photograph of the NDPA MMIC.

S

IV. MEASURED RESULTS

Completed wafers were 100% DC and RF tested at TriQuint
Semiconductor’s on-wafer test facility. The RF tests performed
on-wafer are small signal s-parameters and pulsed power, both
at a quiescent condition of 30 V=500 mA. On-wafer s-parameter
data for 294 amplifier MMICs are shown in Fig. 8. The on-wafer
s-parameter results indicate 10 dB to 14 dB typical small signal
gain over a 2—18 GHz frequency range. Pulsed power and effi-
ciency data collected on-wafer is plotted in Fig. 9 for 231 de-
vices. The power data was collected at a constant +30 dBm
input power level which is the maximum presently available for
the on-wafer test system over a 2—18 GHz instantaneous band-
width. The drain bias voltage is pulsed from 0 V to 30 V with a
10 ps pulse width running at 10% duty cycle. Due to test time
considerations the on-wafer pulsed power data was collected
from 2 GHz to 18 GHz in 4 GHz steps, therefore it is difficult to

assess the characteristics of the band edges between 2—-6 GHz
and 14-18 GHz. The PAE is greater than 21% from 2-14 GHz
and the output power is typically 9 W to 10 W from 6-14 GHz.

A particularly sensitive circuit element in the design was the
drain bias choke. The inductance of the choke sets the low fre-
quency cutoff for the amplifier, however, if the choke is phys-
ically too large then high frequency performance is compro-
mised. The low frequency impedance of the bias choke is the
cause of the gain roll-off and increase in output return loss at the
low end of the band evident in Fig. 8. Furthermore, the choke
has to be able to reliably support over 1000 mA of bias current.
Therefore, particular attention was given to design and EM sim-
ulation of the bias spiral inductor. To improve the quality factor
of the choke a rounded design was selected. The spiral is con-
structed with air bridge metal suspended about 2 ym above the
substrate to increase the self resonant frequency of the inductor.
A 3-D rendering of the bias choke layout is shown in Fig. 10.
Measured versus modeled data for a fabricated bias choke test
circuit is plotted in Fig. 11 and shows very good agreement be-
tween experiment and simulation.

To facilitate a more accurate comparison to the measured re-
sults, the AWR AXIEM EM tool was used to simultaneously
EM simulate a large portion of the MMIC. A rendering of what
this simulation encompasses is shown in Fig. 12. Models for the
FETSs, bias choke and RF interconnect structures are connected
to the 32-port EM simulation at the appropriate locations. All
comparisons between experiment and simulation that follow uti-
lize the AXIEM EM simulation model.

Singulated, DC and RF good MMICs were soldered to
40-mil-thick Cu-Moly carriers which were screwed down to
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Fig. 7. Schematic diagram of the NDPA MMIC.
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Fig. 9. On-wafer pulsed power.

an Aluminum test fixture with an intervening layer of Indium
foil. Alumina 50  de-embedding lines 470-mil-long were
connected to the RF ports of the MMIC with two 25-mil-long
bondwires. The far ends of the de-embedding lines were con-
tacted with 2.9 mm connectors which can be calibrated out of
the measurements. A photograph of the test fixture is shown in The amplifier MMICs are nominally biased at 30 V and
Fig. 13. The entire test fixture was mounted to an Aluminum 500 mA. Measured results for the small signal gain and return
heat sink with thermal grease. Temperature measurements of loss are shown in Fig. 14 for a sample of eight amplifiers. The
the carrier plate surface indicated that this arrangement main- simulated small signal gain is shown as the broken line and is
tained about a +30 °C base plate temperature for the MMIC. in good agreement with the measured results. The measured

Swp Min
0.5GHz

Fig. 11. Measured versus modeled results for the drain bias choke.
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Fig. 13. Test fixture assembly.
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Fig. 14. 30 V small signal gain and return loss.

small signal gain is typically greater than 10 dB from 1.5 GHz
to 17 GHz.

Measured results for output power and efficiency with
+32 dBm CW input power are shown in Fig. 15 for a sample
of six amplifiers. The simulated results are shown as broken
lines and are in reasonably good agreement with experiment.
Possible causes for the observed measured versus modeled
discrepancies are many including inaccuracies in the nonlinear
model, harmonic terminations and coupling between the RF
structures not accounted for in the EM simulations. The output
power is typically greater than 8 W over a 1.5 GHz to 17 GHz
frequency range with a peak value of 13 W occurring at about
5 GHz. The associated power added efficiency is typically
greater than 20% with a maximum value of 38%. The power
gain at 32 dBm input power varies between about 7 dB and
9 dB. Power and efficiency data versus input power for one of
the amplifiers is plotted in Fig. 16 over a subset of frequencies.
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Fig. 16. 430 V CW power data versus input power.
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Fig. 17. CW power data versus supply voltage.

The observed compression curves are well behaved with no
evidence of kink, odd-mode or driven oscillations. Saturated
CW output power and peak power added efficiency for 30 V,
35 V and 40 V power supply voltages are shown in Fig. 17.
In general, increasing the supply voltage from 30 V to 35 V
produces an increase in output power of 0.3 dB to 0.5 dB
with a corresponding 2% point penalty in efficiency. Further
increasing the supply voltage to 40 V does little good and
actually results in a reduction of output power at the upper end
of the frequency band.

Authorized licensed use limited to: Roy Culbertson. Downloaded on October 8, 2009 at 09:17 from IEEE Xplore. Restrictions apply.



2646

V. CONCLUSION

The design and performance of a 1.5-17 GHz nonuniform
distributed power amplifier MMIC has been presented. The de-
vice utilizes 0.25 p/m dual field plate GaN on SiC transistor tech-
nology and was processed with the baseline TriQuint Semicon-
ductor three-metal interconnect flow. For the 1.5-17 GHz band,
experimental results demonstrate 9 W to 15 W saturated output
power with an associated PAE typically above 20%. To the au-
thors’ knowledge, these results are among the highest reported
for a monolithic solid-state power amplifier covering this fre-
quency range.
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