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ABSTRACT

Waveguide-Based Spatial Power Combiners

by
Nai-Shuo Cheng

Spatial power combining technique provides a viable solution to the realization of
solid-state power sources and amplifiers at microwave and millimeter-wave frequencies,
with RF power levels that currently can not be achieved by a single solid-state device.
Spatially-fed/spatially-combined arrays have been the focus of much research activity
during the past decade. Most of the work has centered on planar arrays with normally
incident or outgoing beams. Such arrays generally have limited bandwidths and also
present difficult challenges in thermal management and efficient power collection. A
waveguide-based spatially-combined solid-state power amplifier has been developed to
address theses issues.

The waveguide-based combiner systems use stacked trays of broadband tapered-
slot antennas integrated with commercial MMIC amplifiers, housed in a waveguide
environment that is operated in the dominant TE;, mode. Each antenna is then essentially a
waveguide-to-transmission line transformer that couples energy from the waveguide mode
to a set of power amplifiers. Power enters and leaves the system in a single well-defined
mode, and therefore power distribution and collection is simplified. The hybrid circuit
configuration not only enables circuit designers with flexibility of choosing different
device technologies, but also presents excellent thermal management. Higher power
output can be achieved by increasing the number of trays and active devices per tray and
using high-performance devices. In addition, the modular architecture allows easy
maintenance, variable power output and potential medium-scale fabrication. A maximum
150-Watt result at X-band in an over-moded waveguide was achieved, suggesting that our
combiner system is a promising candidate to challenge the dominant vacuum-tube
technology such as traveling-wave tube amplifiers (TWTA) in wireless communication

applications.
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Chapter 1

Introduction

Power combining techniques provide a viable solution to the realization of solid-
state power sources at microwave and millimeter-wave frequencies, with RF power levels
that currently can not be achieved by a single solid-state device. Traditional quasi-optical
and/or spatial power combining circuits based on tile architecture have seen tremendous
developmental progress; however, fail to render broadband characteristics and efficient
thermal management, particularly for large arrays. This thesis presents the research work
regarding the development of waveguide-based spatial power combiners with high-power
capability (> 100 Watts at X-band), broadband characteristics and verified heat-sinking

property.
1.1 Motivation

There has been a constant unsatisfied need in microwave industry for high power
solid-state sources and amplifiers at microwave and millimeter-wave frequencies [1].
Solid-state electronics is a mature technology, which is in general favored over its vacuum-
tube-based counterpart in terms of size, weight, integration capability, operating voltage
and reliability. However, solid-state devices, which have limited power-handling
capability along with an inverse dependence on frequency, are popular but only find
applications at low frequency and/or low power. As the applications gear towards higher
frequency and/or higher power, the vacuum-tube electronics claims a dominantly leading
position. Even with the advent of promising high-power solid-state devices based on wide-
bandgap semiconductor materials such as gallium nitride (GaN) and silicon carbide (SiC)
[2, 3], it is still difficult and costly at the present time to realize significant RF output

power at a single device level. Consequently, power combining techniques have been



widely adopted since high power at microwave/millimeter-wave frequencies can be
achieved by coherently collecting the output power from a large number of solid-state

devices.
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Figure 1-1: Available technologies for power sources and amplifiers (at a single-

device level) at microwave and millimeter-wave frequencies [4].

Corporate combining techniques have been very popular and often used in planar
circuits, due to design simplicity and ease of implementation. As shown in Figure 1-2(a),
Wilkinson combiners. for example, consist of one or several stages of binary adders, which
are used to successively combine the outputs from a number of active devices. However,
the loss associated with each stage quickly adds up as the array size increases; therefore,
they are only suitable for small-scale integration. In the case of spatial/quasi-optical power
combining, as shown in Figure 1-2(b), all the devices are operated in parallel with each
other, with the combining process typically taking place in free space. As a result, the
combining loss remains constant as the number of active element increases. A comparison
between two (corporate and spatial) schemes is shown in Figure 1-3. It is obvious to see
why spatial combining technique is favored over its corporate counterpart in high power

applications, where a large number of active elements are present. Recently, spatial/quasi-



optical power combining techniques have witnessed tremendous technological advances in
terms of power performance and functionality [1, 5-7].
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Figure 1-2: Circuit topology for (a) corporate and (b) spatial/quasi-optical power

combining networks
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Figure 1-3: A comparison between corporate and spatial power combining
schemes, assuming that the gain and power-added efficiency of the amplifiers
being combined are 10 dB and S0%, respectively.
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For spatial/quasi-optical power combining circuits consisting of large array of
active elements, sub-systems of smaller array can be used, which can be implemented by
using either “tile” or “tray” architecture [7]. In the “tile” architecture, as shown in Fig. 1-
4(a), planar antennas are of resonant-type and have broadside radiation characteristics.
This approach is very popular because of its simplicity and possible monolithic fabrication;
however, it suffers from narrow bandwidth and potential thermal problems since the waste
heat can only be removed inefficiently from the edges of the two-dimensional arrays.
Another approach is the “tray” architecture, as shown in Fig. 1-4(b), where antennas with
endfire radiation characteristics can be utilized, which render a wide-band property. In
addition, this approach provides much better heat-sinking environment and modular
architecture. As a result, the “tray” architecture is more suitable than the “tile” architecture

if broadband high-power amplifiers/sources are desired.
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Figure 1-4: Two architectures, (a) tile and (b) tray, used to implement active

antenna arrays in spatial combining circuits.

The US. Department of Defense (DoD) has initiated several research and
developmental programs over the years to develop a solid-state-based technology capable
of high output power and new functionality for advanced system applications at
microwave/millimeter-wave frequencies [8]. This thesis presents the work regarding the
design and analysis of waveguide-based solid-state amplifiers using spatial power
combining technique, which was sponsored by the Defense Advanced Research Project
Agency (DARPA) through a sub-contract from HRL Laboratories, LLC. The ultimate goal



of the project was to realize a broadband solid-state source at X-band capable of >100
Watts of output power.

A prototype circuit using dense tapered antenna arrays in waveguide was initially
developed by Alexanian and York, which achieved 10 Watts of maximum output power at
X-band [9, 10]. Although the concept was outstanding, the implementation of the
combiner circuit was immature and plagued with many technical problems, including low
combining efficiency (about 50%), poor thermal property, mediocre bandwidth
characteristics, and complicated/low-yield fabrication procedure. In addition, the circuit
architecture was not physically robust, resulting in frequent circuit breakage problems
during measurements. Furthermore, the design of the passive antenna arrays was basically
semi-empirical, whereas an optimized design procedure is desired. The aforementioned
problems provided impetus for additional research into such combining circuits, which will
be covered by this thesis.

1.2 Thesis Outline

In the following chapter, a finite-difference (FD) numerical technique is developed
to study the propagation characteristics of finline arrays. Using the method, the eigen
matrices corresponding to a wave-guiding structure with specific geometric parameters can
be derived from the finite difference equations along with the applied boundary conditions.
The eigenvalues (propagation constant) and eigenvectors (longitudinal magnetic field) can
successively solved by using ARPACK, an eigen matrix solver which is capable of treating
large non-symmetric sparse matrices with efficient usage of computer resources, in terms
of memory and time.

In Chapter 3, we establish the design procedure and equations for the realization of
broadband non-TEM wave-guiding structures. The theory of Klopfenstein taper, which
was originally proposed for broadband TEM impedance transformer, was modified and
applied to finline arrays, which is quasi-TE in nature. With the essential design
information (propagation characteristics) established in Chapter 2, the shape of the finline

arrays can be determined and optimized so as to minimize the return loss within the entire



frequency band of interest. Design examples will be provided and verified with
measurement results.

Chapter 4 presents a new version of combining circuits based on dense finline
arrays, which not only addresses the issues that limited the performance of the previous
design but also is capable of delivering >100 Watts output power as well. Details such as
design considerations, circuit topology, and assembly procedure will be discussed. In
addition, the performance of the passive structure of the combining circuits will be studied,
in terms of combining efficiency, return loss characteristics and thermal property.
Furthermore, the impacts on combiner performance due to non-ideal effects such as
bondwire parasitics and non-uniform illumination will be studied.

In the following chapter, combining circuits based on 4x2, 6x4 and 8x4 active
antenna arrays, either in standard or oversized waveguide environment will be covered.
Characterization and optimization of GaAs MMIC power amplifiers will also be
investigated with an attempt to enhance combiner performance. The combiner
performance will be evaluated, in terms of RF output power, gain, power-added efficiency
(PAE) and graceful degradation property. Various results including a 150-Watt maximum
power output with gain variation less than +1.9 dB within the entire band of interest will
also be presented. In addition, an oscillation problem that plagued the combiner
performance will be studied.

More design effort can be made for further performance improvement, including
measures to reduce bondwire parasitics, eliminate oscillation problems and enable uniform

illumination, will all be presented in Chapter 6.
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