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ABSTRACT

Varactor based Technologies for the Tuning and Control of Microwave
Circuits and Antennas

by
Amit S. Nagra

A monolithic optically variable capacitor (OVC) technology has been developed for
the bias free optical control of microwave circuits and antennas. The components of the
monolithic OVC, which include a Schottky varactor diode, 10-cell photovoltaic array and
passive microwave structures, have been simultaneously fabricated and integrated on the
same wafer. The monolithic OVC has been incorporated as the tuning/control element in
band-reject filters, X-band analog phase shifters and folded slot antennas. Bias free control
of these circuits/antennas has been demonstrated at microwave frequencies using less than
500 uW of optical power. This is the lowest reported optical power requirement for the bias
free control of microwave circuits/antennas.

Encouraged by the performance of the optically controlled phase shifters, which
utilized the varactor loaded transmission line topology, it was decided to use varactor loaded
transmission lines to implement electronically controlled analog phase shifters. An optimum
design for analog phase shifters with the lowest possible insertion loss for a given varactor
and transmission line technology was developed. As a result of these efforts, an
electronically controlled 0-360° phase shifter with only 4.2 dB of loss at 20 GHz was
demonstrated. This is best reported performance for electronically controlled analog phase

shifters operating in the K-band.
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Chapter 1

Thesis Outline

This thesis is concerned with the development of tuning and control technologies for
microwave circuits and antennas using varactor diodes. The work presented here focuses on
two schemes for varactor based control of microwave circuits/antennas- 1) indirect optical
control using the optically variable capacitor 2) electronic control using varactor loaded
transmission lines. The optically variable capacitor (OVC), which is used for the bias free
optical control of microwave/ circuits and antennas, is beneficial for applications such as
remote control of microwave circuits/antennas and optically reconfigurable antenna arrays.
A monolithic OVC technology, suitable for the applications mentioned above, has been
developed and successfully demonstrated at microwave frequencies. The monolithic OVC
effort is described in chapter 2 through chapter 4 of this thesis. One of the circuits used to
demonstrate the effectiveness of the monolithic OVC technology was an analog phase shifter
based on the varactor loaded transmission line topology. The superior performance of this
phase shifter motivated the work in chapter 5 on optimizing the performance of varactor
loaded lines for electronic control of microwave circuits. A brief outline of the contents and
organization of each chapter is presented here to serve as a guide for reading this thesis.

The advantages of using optical signals for the control of microwave circuits and
antennas are presented in chapter 2. Microwave circuit and antenna applications that benefit
from the use of optical control are listed. A brief survey of the available optical control
schemes is presented and the relative merits/demerits of the various schemes are discussed.
The basic principle of operation of the OVC is introduced and reasons for using the
monolithic OVC in optically controlled circuits/antennas are presented.

The motivation behind the fabrication of the monolithic OVC on GaAs is presented
in chapter 3. This is followed by details regarding the design of high-Q planar Schottky
varactor diodes and high efficiency PV arrays on the same GaAs wafer. The challenges
involved in integrating the epitaxial layer structures of the two devices and developing a
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compatible fabrication sequence are discussed. Schottky diodes with a Q-factor of 40 at 10
GHz, and PV arrays with output voltages of 10.5 V and conversion efficiencies as high as
26.8% have been demobstrated on the same GaAs wafer, and the detailed results are
presented here.

In Chapter 4, the feasibility of the monolithic OVC technology for low power, bias-
free control of microwave circuits and antennas is demonstrated. Measured and simulated
microwave performance of the monolithic OVC is presented. Bias free control of band-reject
filters, X-band analog phase shifters and folded slot antennas, using less than 500 uW of
optical power, is demonstrated. Also, the transient response of the OVC is characterized and
it is shown that the OVC response times can be made faster than 1 us.

Chapter 5 demonstrates the potential of varactor loaded transmission lines for
microwave control applications such as phase shifters. Design equations for analog phase
shifters based on varactor loaded transmission lines are presented here. Losses in the phase
shifter circuit are analyzed in detail and an optimum design that has minimum insertion loss
is developed. As a result of these efforts, a K-band analog phase shifter with the lowest
reported insertion loss was demonstrated at UCSB. The optimized phase-shifter circuit
described here is capable of producing a continuously variable 0-360° phase shift at 20 GHz
with a maximum insertion loss of 4.2 dB and return loss lower than —12 dB over all phase
states. Chapter 5 concludes with a discussion on strategies to further improve the

performance of the analog phase shifter.



Chapter 2

Introduction to Optical Control of Microwave
Circuits and Antennas using the Optically
Variable Capacitor (OVC)

The motivation for using optical signals for the control of microwave circuits and
antennas is presented in this chapter. Microwave circuit and antenna applications that benefit
from the use of optical control are listed. A brief survey of currently used optical control
schemes is presented and the relative merits/demerits of the various schemes are discussed.
This is followed by an introduction to the Optically Variable Capacitor (OVC), which has
been employed by us for the optical control of microwave circuits and antennas. The basic
principle of operation of the OVC, as well as the reasons for choosing the OVC for

implementing optical control, are presented here.
2.1 Motivation for optical control

Optical control of microwave circuits and antennas is attractive for several reasons.
One of the major advantages of optical control is that the control signal can be transmitted
over optical fibers, as opposed to electronic control, where metallic wires/cables are
required. Since optical fibers have low losses, they are suitable for the distribution of control
signals over long distances, as is the case in large phased arrays and in remotely controlled
antennas/circuits. Also, optical fibers are light (1/10 the weight of copper wire), compact,
and flexible making them desirable for airborne and space applications where volume and
weight savings are crucial. The wide bandwidth of optical fibers, along with the high-speed
modulation capabilities of laser diodes/LEDs, makes optical control attractive for
applications where high-speed control is required. Incidentally, due to the advantages
discussed above, optical links are also being deployed in antenna feed networks for the



distribution of the microwave signals. Thus the same fiber link can be used for the
simultaneous distribution of the microwave signal (high frequency signal to be radiated) and
the control signal (slower signal for controlling component performance).

The unidirectional nature of the optical to electrical conversion process provides
extremely high isolation between the control circuit and the microwave circuit/antenna being
controlled. This is especially important in high power applications where leakage through the
control circuit can cause interference between the various components. The immunity of
optical fibers to EMI (electromagnetic interference) makes optical control attractive for
military applications. Also, optical fibers are virtually transparent to microwave signals since
they are made of low permittivity dielectrics. This non-invasive nature of optical control
makes it desirable in antenna applications where metallic wires/cables are undesirable
because they perturb antenna radiation patterns.

Several microwave control applications benefit from using optical control. High
speed switching and gating of microwave signals using photoconductive switches was
amongst the first demonstrations [1] of optical control and considerable progress has been
made in this field since then [2-4]. In addition to fast transient response, these optically
controlled switches have the advantage of high power handling capability and picosecond
timing precision. Another area where optical control has made significant impact is in the
control of remotely located antennas or large phased arrays, where the control signal has to
be sent over long distances. Optical control of the various components commonly employed
in antenna T/R modules such as attenuators [5, 6], amplifiers [7-9], tunable filters [10],
switches [4, 11, 12], and phase shifters [S, 11, 13, 14] has been demonstrated. Significant
contributions have also been made in optical control of oscillator circuits. Optical tuning of
oscillation frequency [7, 15, 16], optical injection locking [7, 16] and optical control of
oscillator phase [17, 18] have been demonstrated. Optical injection locking and phase control
is attractive for large active antenna arrays used in power combining and beam steering
applications.

Another application where optical control has made major contributions is in
reconfigurable antennas. There are two types of optically reconfigurable antennas-
a) photoconductive antennas and b) synaptic antennas. Photoconductive antennas consist of

selectively illuminated regions on a high resistivity semiconductor substrate.
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Figure 2.1: Schematic showing layout of a) Photoconductive antenna b) Optically
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A photoconductive bowtie antenna is depicted in fig. (2.1a). The illuminated regions, which
are quasi-metallic in nature due to the high density of optically generated carriers, act as the
radiating/receiving surfaces. By changing the mask pattern, photoconductive antennas of
different shapes and having different properties can be optically generated. The disadvantage
of this technique is that large optical powers (up to 50 W) are typically required for
generating high carrier densities over the antenna surface. The other technique for
implementing reconfigurable antennas is to have a grid of radiating sections interconnected
by optically controlled synaptic elements (switches/reactive elements) as depicted in fig.
(2.1b). By turning the switches on/off or by adjusting the reactive loading, the current path or
the current amplitude/phase can be varied, thereby resulting in impedance tuning, beam/null
steering and multi-frequency operation. Synaptic antennas are less versatile than
photoconductive antennas since the underlying grid limits the possible antenna current
distributions/shapes. However the synaptic approach requires much lower optical power
since only a discrete number of elements are being controlled, as opposed to the illumination
of large surfaces in the photoconducting antenna case. Note that since metallic control wires
interfere with antenna radiation patterns, conventional electronic control of the synaptic
elements is not feasible and hence optical control is required. Moreover, the optical control
scheme used within the synaptic elements must not require DC bias (since bias supply to the

elements would require the use of metal bias wires).
2.2 Comparison of optical control methods

Several different methods are being used for the optical control of microwave
circuits and antennas. They can be broadly classified as direct and indirect control schemes.
Direct optical control involves the illumination of the device being controlled. Here the same
device performs both the optical and the microwave functions. Some direct optical control
schemes rely on the illumination of bulk semiconductor substrates while others involve the
illumination of semiconductor junction devices like PIN diodes, FETs and Bipolar
transistors. Indirect optical control involves the illumination of a dedicated optical detector
that converts the optical control signal into a suitable electrical form, and controls the

performance of a microwave device. Thus the optical and microwave functions are separated












































































































































































































































































































































































































