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EXECUTIVE SUMMARY

This technical document describes the design and development of a E-Band (71-86 GHz) solid
state high power amplifier module utilizing commercial Gallium Arsenide (GaAs) Microwave
Monolithic Integrated Circuits (MMICs). The power amplified module utilizes split-plane waveguide
combining.

The design of this module was conducted in a 3D Electromagnetic (EM) field solver (Ansys
HFSS). The module was assembled in house at NIWC-PAC. Small signal test and characterization
was performed utilizing a broadband vector network analyzer. Large signal test and evaluation was
characterized utilizing a W-band frequency extender module with a signal generator and a WR-10
waveguide power sensor.

This technical document describes a 4-way power combining module using solid-state power
amplifier MMICs. The module was capable of producing over 0.5W at 85 GHz with a simulated
efficiency of 86%. The developed high power amplifier is a critical block for future millimeter-wave
nanosatellite communication links.
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ACRONYMS

ASI Italian Space Agency

DAVID Data and Video Interactive Distribution

dB Decibels

dBi Decibels relative to isotropic

dBm Decibel milliwatts

EIRP Equivalent Isotropic Radiated Power

GaAs Gallium Arsenide

GHz Gigahertz

GEO Geosynchronous Orbit

HFSS High Frequency Structure Simulator

HPA High Power Amplifier

IMPATT Impact lonization Avalanche Transit Time Diode
IKNOW In-Orbit Key Test and Validation of W-Band
LEO Low Earth Orbit

MACOM Microwave Associates Company

MMIC Microwave Module Utilizes Commercial
PCB Printed Circuit Boards

SATCOM Satellite Communications

S-Parameter Scattering Parameers

SSPA Solid State High Power Amplifier
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1. INTRODUCTION

1.1 PURPOSE

Millimeter wave communication links are increasingly becoming more and more important as the
thirst for bandwidth increases. This is especially true for environments that don’t lend itself for fiber-
optic infrastructure, such as rural areas or densely populated areas where laying fiber can be disruptive.
In the last decade, E-Band (71-86 GHz) has become a viable option for high bandwidth line of sight
communications. They are used by telecommunication companies for mobile backhaul [1]. They are
also utilized for low latency rapid stock trading between various physically disparate markets [2]. More
recently, W/E/V-Band has been proposed for Satellite Communications (SATCOM) both for Low
Earth Orbit (LEO) [3] and for Geosynchronous Orbit (GEO) [4].

In the early 2000s, the Italian space agency (ASI) launched DAVID (Data and Video Interactive
Distribution), a LEO mission to investigate propagation effects at W-Band [3]. A subsequent mission
IKNOW (in-orbit key-test and validation of W-Band) was launched for follow-on experimentation [5].
The IKNOW mission utilized a cost effective nanosatellite platform. SATCOM on a nanosatellite
platform is challenging as there are many limitations, two are size and power. Size limits the antenna
gain which is possible; power limits the output power of the transmitter. A 6U nanosatellite space craft
has a total size of 30 cm x 20 cm x 10 cm, with an power capability of 72W [6]. Link budget
calculations from DAVID and IKNOW indicate an EIRP of 57 dBm at 82 GHz and 50 dBm at 84 GHz
is needed to close the link. In both missions, Cassegrain antennas with over 40 dB of gain were
necessary because lower output power IMPATT amplifiers (200mW) were used. Large antennas
require complex payloads which unfurl. Solid-state HPAs offers the benefit of high output powers,
which is preferable because it trades antenna size with power.

Work has been done to develop power combining SSPA including septum based waveguide
combiners [7] and radial waveguide combiners [8]. At millimeter wave frequencies, transmission line
losses can be quite large. The mitigation of losses equals higher combining efficiencies, which is
critical to “macro” level power combining amplifiers. In order to reduce loss, a suspended stripline to
rectangular waveguide transition is utilized. Our designed SSPA is designed to complete a downlink
from LEO given a 37 dBi antenna (half the aperture of a 40 dBi antenna, and can fit in a 1U volume).
The designed 4-way SSPA module has a measured 3-dB bandwidth of 22 GHz from 67 to 89 GHz,
with a measured output power of at least 0.5 Watts at 85 GHz. The 4-way combiner has a simulated
efficiency of 86%. To the author’s knowledge, this is the highest reported output power at E-Band for
a power combining module using GaAs MMICs. Figure 1 displays suspended stripline to waveguide
transition. Figure 1 (a) shows the Top Level view of the stripline to waveguide WR-10 transition, and
Figure 1 (b) shows a side view cross section of the stripline to waveguide transition.
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Figure 1. Suspended stripline to waveguide transition.



2. STRIPLINE TO WAVEGUIDE DESIGN

Waveguide combining power amplifiers typically utilize what’s known as a microstrip E-plane
probe in order to couple power from the waveguide to a MMIC [8]. Suspended stripline is preferable
because most of the propagation energy is in the air dielectric, and the support substrate generally has
a negligible impact on the attenuation and phase delay of the stripline. The stripline E-plane probes are
designed on a 5-mil Fused Silica substrate (er ~3.8, 6 ~ 0.0002). As can be seen, the transition is
designed such that the waveguide back short is rounded, with a 25 mil radius, as to allow for easy
machining with an end-mill. The Fused Silica substrate straddles a channel on the lower half of the
split-block. Small metal ledges form support structure for the substrate, and in this way, the substrate
can be fully suspended. Figure 2 shows the simulated response of the waveguide to suspended stripline
transition in HFSS. As can be seen, the impedance matching of the transition is broadband, with a 10
dB impedance bandwidth of in excess of 40 GHz. The simulated insertion loss is 0.36 dB maximum
from 71-86 GHz.

Figure 3 shows a back-to-back model in HFSS for the full passive module, including waveguide to
suspsended stripline transition, and suspended stripline to MMIC bond wire transition. The model
included a passive GaAs microstrip through line, that was de-embedded from the loss simulation. A
10mil Eccosorb® BSR absorber was used in the cavities to prevent oscillation. In simulation, a 377 Q
impedance boundary was used to model the microwave absorber. Figure 4 shows the simulated results
from the back-to-back model, showing better than 10 dB S11 from 71-100 GHz, with an average
insertion loss of 0.65 dB, which equates to an average efficiency of 86%. Fabricated prototype is shown
in Figure 5. S-parameter measurements were made on an Anritsu ME7808A vector network analyzer
using a waveguide TRM (Thru-Reflect-Match) calibration kit. The amplifier was measured with gate
biased to -0.2 V and drain biased at 3.5 V, with the whole amplifier module drawing 3.45A. The
measured s-parameter results are shown in Figure 6, as can be seen, the amplifier module has similar
gain characteristic as the individual generator, MMIC. The minimum gain of the module occurs at 80
GHz, with a gain of 18 dB. The main reason why the gain is lower than nominal on the datasheet is
because of temperature.
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3. POWER AMPLIFIER MODULE

A 4-way power combined amplifier module was designed and fabricated utilizing the waveguide
transition from Section 1l. Commercial HPA MMICs from MACOM were used (MAAP-011106) [14].
The commercial MMIC has a Psat of 25 dBm, a P1dB of 23 dBm, and a gain of between 18 — 20 dB,
and operates from 71 — 86 GHz. E-Plane Y-junction waveguide power dividers/combiner were utilized
for the 4-way module. Each of the Y-Junctions had a 3 section impedance transformer, using design
procedure from [13] to allow for ultra-wideband operation. 2 sets of printed circuit boards (PCBs) were
used for each MMIC, one providing gate bias for each of the 4-stage amplifier with inline 10 Q resistors
for stability, one providing drain bias for each of the 4-stages with 10 nF decoupling capacitors. Figure
7 shows the infrared image of the HPA module under bias, and as can be seen, the temperature where
the MMICs are die-attached reach upwards of 85°C. As the datasheet indicates, gain is degraded by
almost 2 dB at 85°C. Large signal testing was done using the test bench shown in Figure 8. An OML
S10MS module was used as an E-Band signal generator which is followed by a level setting waveguide
attenuator, a Millitech pre-amplifier (AMP-10-02130) drives the HPA. A 20 dB directional coupler
with a Keysight W8486A power sensor was used to measure the total output power with a waveguide
termination to dissipate the power delivered to the load. Figure 9 shows the measured output power.

Figure 8. Large signal test bench.
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Figure 9. Large signal compression testing.

The highest output power we measured was 26.4 dBm and 27 dBm at 75 and 85 GHz respectively,
dissipating 12 W of DC power. The pre-amplifier has a measured compression point of 8 dBm and
compressed prior to the HPA module, limiting our Psat measurement capabilities. The expected output
power of the HPA module is greater than 29 dBm. To the author’s knowledge, this is the highest
reported output power at E-Band for a power combining module using GaAs MMICs.
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