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ABSTRACT

K-Band Spatial Combiner using Active Array Modules in
an Oversized Rectangular Waveguide
by

Lee-Yin Vicki Chen

The spatial power combining technique provides a viable solution to the
realization of solid-state power sources and amplifiers at microwave and mm-wave
frequencies. The technique integrates a large number of amplifiers to provide large
output power with higher efficiency that cannot be realized with circuit level
combining. In particular, the tray structure and the waveguide environment of the

system provides the broadband characteristic and good thermal management.

A k-band combining system was built in an oversized waveguide environment.
The system contains antenna trays and amplifiers, built monolithically using flip-chip
bonding for the active devices. The waveguide environment operates in the dominant
TE10 mode with TE20 mode being sufficiently suppressed. Each antenna is then
essentially a waveguide-finline-CPW transformer that couples energy from the
waveguide mode to a power device. This dissertation includes the practical design of
power amplifiers at 18GHz using PHEMT devices, a passive combiner using antenna
arrays, and the power combiner modules. Some combiner characteristics such as the

phase noise reduction, graceful degradation are also included.
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Chapter 1

INTRODUCTION

1.1 Motivation

High-frequency systems provide large bandwidths with reduced chip-sizes and
weights. The large bandwidth provides large data capability and the reduced size
indicates lower cost. Currently, applications such as cellular phone communications
and satellite-TVs are occupying the low micrpwave regions (<2GHz). The
enormous data amount suggests a future demand for mm-wave communication links.
However, with the increase of frequency, the device parasitics have more effect and
can become a design challenge. Furthermore, with the reduction of device sizes,
thermal rﬁanagement becomes crucial. The output power of a single device is hence
very limited and insufficient for many applications. Therefore, combining numbers
of devices together is the common solution for high power requirement.’

The most basic method of power combining is the device level combining. FETs
with multiple gate-finger can be seen as parallel combining. However, device level

combining is always limited by the resulting low impedance level and the thermal




property. Circuit level combining provides a solution for the thermal management,
by spreading out the area of the heat generated by devices. However, the parallel
combining technique is not suitable when the combining scale becomes large, éince
it inevitably leads to low impedance levels at the input and output, which makes the
impedance matching more difficult. Another challenge appears in maintaining equal
phase for signal inputs of each device. The corporate combining technique is more
common for circuit level combining. It provides a solution for the impedance
matching and allows us to achieve larger scale combining. The limitation is that the
combining efficiency gets lower while the numbers of device gets larger.

Spatial combining has more advantages when large scale combining is required.
This technique uses antenna arrays as the power splitter and combiner, and can
usually be seen as parallel combining. Ideally, the combining loss maintains
constant when the array size gets larger, without suffering from the difficulties in

impedance matching.
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Figure 1.1 The different combining techniques.




The spatial combining system using “tray approach” has been successfully
demonstrated in X-band (8~12GHz).> The system was built in a single mode
rectangular waveguide and provided. 150watts of output power with broadband
characteristic and excellent thermal management. This dissertation presents a
continuous effort in exploring the system characteristic in a higher frequency regime
(K-band: 18~26GHz). Challenges such as the higher order mode excitation and the
packaging parasitic arise with the reduction of the size of the structure.> Advantages
of the combiner system including the phase noise reduction and the graceful

degradation are also presented.

1.2 System Design

The K-band Spatial Power Combiner was built in an oversized waveguide
environment to accommodate a large amount of devices. The waveguide-based
spatial power splitter and combiner both utilized fin-line antennas built on trays of
aluminum nitride (AIN) substrates. This tray structure provided good thermal
property and allowed us to implement the taper shape fin-line to achieve broadband
characteristic. The passive parts of the amplifiers were also built on aluminum
nitride substrates in the coplanar waveguide (CPW) environment. The active
devices were bonded to the substrate using flip-chip technology (FCIC). This circuit
topology allowed the active antenna tray to be fabricated monolithically, which is the
preferable way for high frequency design. The combiner system diagram is as

shown in Figure 1.2-1.
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Figure 1.2 The block diagram of the K-band combiner.

1.3 Dissertation Outline

In the following chapter, the basic theory for power amplifier design is presented.
Some examples obtained from the amplifiers designed specifically for the K-band
Combiner are shown. The device model, device figures of merit, the stability
analysis, conjugate matching and optimal load matching are included. The design
considerations for coplanar waveguide in high frequency application are also
discussed.

In Chapter 3, the performances of two amplifiers used in the K-band Combiner
are presented. The device models are modified by the small signal measurements.
Some practical design issues such as layout limitation and process variation are also

discussed, verified by simulation results.




Chapter 4 presents the passive splitting/combining design based on the fin-line
antenna arrays. Comparisons with different types of combining system are made.
Simulations using High Frequency Simulation Software (HFSS) are done to verify
the design of the structure, such as the oversized waveguide environment, the taper
fin-line antenna, and the fin-line to CPW transition. Considerations for higher order
mode excitation are discussed.

In Chapter 5, the K-Band Spatial Power Combiners based on 2x4 one-stage
amplifiers, 2x4 two-stage amplifiers, and 6x4 two-stage amplifiers will be covered.
Some practical issues occur in electronic systems such as electromagnetic
interference and the packaging parasitic are discussed. Some characteristics of the

combiner system such as phase noise and linearity are also presented.
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Chapter 2

POWER AMPLIFIER DESIGN

2.1 Introduction

Some of most important design considerations in a microwave power amplifier
are stability, output power, efficiency, bandwidth, linearity and noise. Depending on
the applications, trade-offs between these characteristics needs to be made. Accurate
device models are important for analytical design, because they allow engineers to
have more insight about which parameters have more effect on certain applications.
With the aids of some CAD tools, accurate results can be obtained up to mm-wave
frequency. Based on a good device model, the design parameters such as DC bias
point, load line, matching networks and stability circles can be found easily.
Choosing these parameters properly allows us to obtain optimal result for the
application. The DC bias point and the output load line mainly determine an
amplifier’s gain, power and efficiency, while the impedance matching networks
determine the bandwidth and the VSWR (voltage standing wave ratio). The stability

analysis provides information of how to load the device properly so that the entire




circuit operates without oscillation. Linearity of an amplifier can be improved by
some harmonics tuning techniques, which compensates the nonlinear parasitic of the
device that causes nonlinear amplification. The basic procedure for designing a

power amplifier is shown in Figure 2.1-1.
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Figure 2.1-1 Power Amplifier design flow chart.

In this chapter, the basic theory for power amplifier design is presented. The
devices used in the system were AlGaAs/InGaAs Pseudomorphic High Electron
Mobility Transistor (PHEMT) from Filtronic Solid State, Inc. (Model LP6836 and
LP1500). All circuit simulations in our design were done using Agilent ADS and

Momentum. Other practical issues that relate to the layout and fabrication are also




discussed. The designs and performance of the two amplifiers used in the K-band

Spatial Combiner will be shown in Chapter 3.

2.2 Device Model - Large Signal Model

Although the most accurate method for obtaining optimal output power is to
perform the load-pull measurement, it is time-consuming and difficult for high
frequency design. Having an accurate device model allows us to analyze the device
analytically and is very advantageous for circuit designers. In the ADS simulation,

the model we used was the Curtice cubic model’ 2,

Figure 2.2-1 Device large signal model - PHEMT. The nodes g, d, and s indicate
the internal nodes as shown in the picture.

Figure 2.2-1 shows the PHEMT device large signal model used for the amplifier

design. The parameters used in the design were obtained from the manufacture’s




























































































































































































































































































































