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ABSTRACT

Beamforming and its most common variant, phased arrays, offer a number
of advantages for wireless communications and radar systems. These include in-
creased range and capacity, immunity against interference, and system flexibility.
However, due to the associated high cost, both digital and analogue beamform-
ing systems are primarily employed in defence and space applications where cost
is not necessarily an obstacle. This thesis is motivated by a strong need from
civilian applications where low-cost beamforming systems are required.

In a beamforming system, a phase shifter is one of the most critical devices.
Usually, a large number of phase shifters are employed, however they are very
costly. Therefore, reducing the cost of phase shifters is an effective way to decrease
the total cost of a beamforming system. And so, a phase shifter that is low in
cost, compact, has an easy control method, and which can be constructed using
a simple fabrication process is in high demand.

In this thesis, firstly, some basics of phased arrays and different types of phase
shifters used in phased arrays are reviewed. Then, a novel type of phase-shifting
unit called as reconfigurable defected microstrip structure (RDMS) is proposed.
The RDMS is printed on a microstrip line due to its low cost, low complexity, and
for its incomparable popularity in antenna and microwave designs. A series of
phase shifters employing RDMS are discussed and intergrated in phased arrays, to
demonstrate their practicability in beamforming systems. Subsequently, a modi-
fied RDMS (MRDMS) phase-shifting unit is introduced, which is smaller in size
but has comparable or even better performance. Based on the MRDMS unit, a

complete phase shifter design scheme consisting of three steps is presented, and






each step is elaborated with theory, simulation, and experiment. A significant im-
provement in performance and a reduction in cost are achieved and illustrated by
comparing the performance of the phase shifters employing RDMS and MRDMS
units to each other. Finally, the proposed RDMS- and MRDMS-based phase
shifters are used to construct a phased array antenna and a reconfigurable PRS
antenna, which proves them to be excellent candidates to provide phase shifts in
antenna systems. Future work will focus on the realization of large-scale phased

array antennas using the proposed phase shifters.
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Chapter 1

Introduction

1.1 Motivation and Research Focus

Beamforming technology provides a promising solution to increase the spatial reuse, im-
prove the transmission reliability, extend the transmission range, and save the power
consumption in wireless communications and ad hoc networks [1-5]. This is due to its
ability to change radiation patterns to receive signals from a specific direction, and re-
duce the distortion of noises from other directions. However, this advantage comes with
dramatically increased cost and size, which substantially limits their application.

A beamforming system consists of a Beam Forming Network (BFN) and an antenna
array. Beamforming is realized by using the BFN to adjust the magnitude and phase
of signals received by the array elements. It is the BFN that dominates the cost of the
entire beamforming system. The gain and phase applied to signals derived from each
element may be thought of as a single complex quantity referred to as a weighting applied
to the signals. The BFN has several predefined combinations of weighting factors which
correspond to different sets of beams. After the estimation of signal arrival direction, the

BFN selects one beam so that the antenna array has the maximum gain at that direction
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to have the highest signal collecting efficiency.

Beamforming can be divided into fixed beamforming and adaptive beamforming.
Adaptive beamforming provides a high degree of configuring the radiation pattern. By
applying a variety of signal processing algorithms, adaptive array antennas can adjust
their weights in order to maximize the resulting Signal to Interference and Noise Ratio
(SINR). The main lobe of an array can be directed towards a target, and nulls can be ad-
ditionally placed in the direction of interfering sources to suppress their interference. But
adaptive BFNs for large-scale arrays need massive amplifiers and phase shifters, resulting
in unacceptably high prices for many applications.

Fixed beamforming can provide most of the benefits of smart antennas at a fraction of
cost and design complexity. The BFN has several predefined combinations of weighting
factors corresponding to different sets of beams. However, they do not guarantee maxi-
mum gain. If the desired direction is not on one of the predetermined beam directions,
the transceiver will suffer from gain reduction. Moreover, switched beam antennas are not
able to fully eliminate interference outside the main lobe due to the absence of control of
the side lobes. Although fixed beamformings are more economical than smart antennas,
they can still be expensive.

Beamforming systems, either fixed or adaptive, can be achieved in either in digital
or analog ways. Analogue Beamforming (ABF) means that, the received signals from
each antenna of array are combined at the RF carrier frequency level. The analogue
beamformer feeds up to the centralized receiver channels, down-converting the signal
to an intermediate frequency (IF). The following Analogue-to-Digital Converter (ADC)
then digitizes the IF. In Digital Beamforming (DBF), there are many digital receivers, one
own receiver at each of the radiating elements of the antenna. This baseband processing
requires dedicated RF chain (which is expensive) per each antenna. The down-converting

to IF-frequency and digitizing the signals is realized at each individual antenna element.
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The most economic implementation form of beamforming is the passive phased ar-
ray. In a passive phased array, there is no element for amplitude control. Only phase
shifters are used at each element to provide required phase shift for beam scanning. This
eliminates the need for amplifiers and attenuators, and simplifies the control circuit, re-
sulting in a significantly lower costs. Passive phased arrays are used extensively in radar
systems to seek and track targets. Nowadays, high gains are required to form a clear
image. To achieve a high gain, a very large phased array is required, and therefore also
a great amount of phase shifters. The high price of phase shifters contributes to a large
proportion of the overall cost of the beamforming system.

Traditional phase shifters used in phased arrays are ferrite and diode phase shifters.
Ferrite phase shifters are low cost and low loss, but they are relatively bulky and heavy,
and require significant switching power. Diode phase shifters have fast switching times,
low weights, and are low cost, but have high insertion losses. There are also new phase-
shifting technologies employing Radio Frequency Microelectromechanical Systems (RF
MEMS) and liquid crystal. Phase shifter designs are becoming increasingly complicate,
but the cost remains a problem.

In this thesis, we aim to develop a new type of phase shifter that can provide a low-cost
phase-shifting solution for phased array / beamforming applications. As well as the cost,
size, and performance of the phase shifter, the control circuit will also be considered. This
work provides a comprehensive description of the introduction, analysis, optimization, and

validation of a phase-shifting unit based on simple microstrip lines.

1.2 Thesis Contribution

The key contribution of this thesis is to provide a novel low-cost phase-shifting solution,

which substantially reduces the cost of phase-shifting in beamforming systems. To be
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specific, the contributions are summarized as follows:

1. A novel reconfigurable defected microstrip structure (RDMS) has been proposed to

provide controllable phase shift;

2. The working mechanism of the RDMS has been studied, including how the phase

shift is produced and where the insertion loss (IL) comes from.

3. We have analyzed the connections between physical dimensions and performance in-
dex by conducting a large amount of simulations on a Full-Wave simulation software

platform.

4. A multiplied phase-shifting ability and lower IL have been achieved by cascading
the RDMS.

5. Stepwise phase shifters have been designed, fabricated, and measured based on the

cascaded RDMS, which validated the phase-shifting ability of the RDMS.
6. A modified RDMS (MRDMS) is introduced. It is smaller and more cost-effective.

7. The insight of MRDMS working mechanism is provided, and used to explain the
fact that, the performance of the RDMS remains comparable level with the the size

and cost reduction.

8. We have also presented a complete design scheme and optimization methodology
of stepwise phase shifters based on MRDMS. Each step has been elaborated with

theory, simulations, and experiments.

9. Stepwise phase shifters based on the MRDMS have been fabricated and tested.
They have been proved to be excellent candidates for beamforming systems, due to

the fact that they are compact, low cost, easy to fabricate, easy to integrate with
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microstrip systems, and are able to provide flexible phase shifts with a simple Direct

Current (DC) control.

10. The RDMS and MRDMS-based phase shifters have been used to construct the feed
network of a phased array antenna as an implementation in a basic beamforming
system. The obtained arrays with RDMS and MRDMS are tested to demonstrate

their potential to be used in beamforming systems.

11. The MRDMS-based phase shifters have also been used in the feed network of a
reconfigurable phased-array-fed partially reflective surface (PRS) antenna that can

switch its beam to nine directions with high gain.

1.3 Thesis Outline

The remainder of this thesis is organized as follows. We first present some background
information in Chapter 2, including phased arrays, phase shifters, and some lumped
elements used in this work. In Chapter 3, the RDMS is introduced and analyzed, followed
by the analysis of phase shifter designs. Then, the modified RDMS (MRDMS) is discussed,
and a complete design methodology is presented in Chapter 4. Chapter 5 describes the
phase shifters’ applications in antenna systems. Finally, the thesis is concluded in Chapter

6.
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Chapter 2

Preliminary

In this chapter, we present an overview of key technologies related to the thesis topic,
including the phased arrays and phase shifters. Firstly, the background and basic theory
of phased array antennas are discussed. Then, phase shifters frequently used in phased
array antennas are reviewed, and their design considerations are discussed. Subsequently,
lumped elements including the PIN diode and printing capacitor that are specifically used

in this work are introduced and analyzed.

2.1 Phased Array Antenna

Phased array antennas were firstly developed in the 1950s [6-11] and gained popularity in
satellite communications, radar systems, and other military applications [12-15]. Phased
array antennas consist of multiple stationary antenna elements, which are fed coherently
and use phase shifters or time-delay lines to control the signals at each element to scan the
beam to a desired direction. They are attractive due to their flat structure and a capability
of rapid and accurate beam scanning with high gain. In addition, beam patterns can be
shaped, or multiple beams can be realized by controlling both the magnitudes and phases

of the signals applied to each element. Another advantage is that very high power can be

9
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generated from the numerous radiators distributed across the aperture. A disadvantage
of the phased array antenna is that the cost is very high due to the RF chain or BFN used
to feed the antenna elements. The following section covers some basics of phased array

antennas [12, 13,16, 17], including array scanning theory and some design considerations.

2.1.1 Array Scanning Theory

Usually, identical radiators are used in an array and the radiation pattern is the product
of two functions, the array factor and element factor. The total field of an array is
determined by five controls. These are: the geometric configuration of the array, the
relative displacement between the array elements, the excitation amplitudes on array
elements, the excitation phases on array elements, and the radiation pattern of individual
array elements. The first four controls determine the array factor and the last one is
instantiated in the element factor. We will use only the array factor, which is the main
issue concerned in this thesis, to describe the array scanning characteristics.

An array with 2N equally spaced elements is shown in Fig. 2.1. Since all elements
are identical, they have similar current distribution I, when excited. However, due to the
different amplitude and phase excitation, the actual current distribution on the element

nis I,, = A,e 9" ,. For this linear array, the array factor F,(f, ¢) can be expressed by

n=N N
I, . . A
Fa(e’ ¢) — E I_Oejnk:dcose _ § Anejnkdcosee(—]Zn)’ (21)
n=—N —N

where k£ = 27/X and A is the wavelength.
Particularly, when the signals at each element are equal in both the magnitude and

phase, the array factor can be reduced to

n=N

Fu(0,0) = Y elmkdeos?, (2.2)

n=—N

In this case, the array factor is equal to a sum of phasers of unity magnitude with a
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Figure 2.1: Linear array with equally spaced elements along z-axis.
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Figure 2.2: Radiation pattern of a 8-element linear array with uniform amplitude exci-
tation and Chebyshev amplitude excitation.

progressive multiple of the basic angle

2mwd

= Tcosﬁ. (2.3)

Usually, it is assumed that the length of the array is very large compared to a wavelength
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Figure 2.3: Radiation pattern of a 15-element equally spaced linear array with steered
main beam.
and the element spacing is less than a wavelength. Under this condition, the array pattern
gives a narrow beam at boreside with several sidelobes. The sidelobe level (SLL) can be
reduced by tapering the magnitude of the currents across the array [17-22]. For example,
Fig. 2.2 depicts the radiation pattern of an 8-element array with uniform amplitude
excitation and Chebyshev amplitude excitation. The elements are equally spaced by a
distance of half-wavelength. By using Chebyshev amplitude excitation, the SLL can be
reduced by 15 dB.

By changing the phases of the excitations at each element, the array shown in Fig. 2.1
can have a steered main beam. Assuming that the element currents have equal amplitudes
and uniform progressive phase shift I,, = Ipe(=7"%) the array factor described in Equation

2.1 becomes

n=N
Fa(e’ ¢) _ Z ejn(kdcos@—az)‘ (24)
n=—N

Thus, the uniform progressive phase shift a, changes the main beam position from boreside
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Figure 2.4: Architectures of (a) passive and (b) active phased array.

to another angle in space 6y, where

a, \
b0 = —=1- 2.5
0 = arccos {27? d} (2.5)

Fig. 2.3 shows an example of a 15-element linear array with the main beam steered 45°

away from the boreside.



14 Chapter 2. Preliminary

2.1.2 Phased Array Architecture

There are generally two types of phased arrays, passive and active phased array, and their
structures are illustrated in Fig. 2.4(a) and 2.4(b), respectively. Passive array, as shown
in Fig. 2.4(a), uses a central transmitter and receiver. A circulator is used to direct the
energy received by the antenna to the receiver. A limiter can be placed before a low
noise amplifier (LNA) to avoid damage to the LNA. The energy reflected by the limiter
will then be directed into the transmitter [23]. Phase shifters are employed before each
element to provide phase shifts. But there is no amplitude control components in passive
arrays. The design challenge is to minimize losses in the feed network which is composed
of power dividers and phase shifters, to increase the system sensitivity and efficiency.
Passive arrays are a less expensive alternative compared to active arrays for electronic
beam scanning since only phase shifters are required. However, due to the eliminated
amplitude controls, the SLL could be high. To achieve a lower SLL, a separate receive
feed network with appropriate amplitude weighting methods can be used.

In active arrays as shown in Fig. 2.4(b), the power amplifiers (PAs), LNAs, phase
shifters, attenuators, and limiter are integrated in transmitting and receiving modules
(TRM), which are connected to each array element, offering both the magnitude and
phase controls. Details of the TRM can be found in [23]. Losses in the feed network are
tolerable due to the presence of amplifiers. Nevertheless, active arrays require a great
number of amplifiers and other related devices. The improvements in sensitivity and

reliability are obtained with significantly increased complexity and cost.
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2.1.3 Design Consideration
Grating Lobes

In a phased array, a second main beam called grating lobe will appear if the space d
between the elements is too large compared to a wavelength. This happens when the

following condition is satisfied:
kdcost' — a, = +27. (2.6)
The grating lobe will appear at the angle 6, where

0" = arccos(costy + %) (2.7)

To avoid a grating lobe, the spacing d must meet the following condition:

1

_ 2.8
1 + |cosby| (28)

d <
A
For example, if the phased array is designed to scan close to endfire (g = 0 or ), the

space between elements must be less than \/2 to prevent a grating lobe. There are also

other solutions proposed to suppress grating lobes [24-27] in some special cases.

Bragg Lobes

Bragg lobes are retro-directive reflections that may be received by a detecting radar at

an angle off boreside when Bragg condition is fulfilled:

n,

= —-—— 2.9
2sinb,.’ (2.9)

where d is the spacing between antenna elements and 6, is the angle of the detecting
radar. This should be prevented for military applications to grantee stealth. To minimize
the antenna’s radar cross section, the first Bragg lobe (n = 1) must be 90° off boreside,

which means d < \,./2.
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Random Errors

Array elements in a phased array have random errors in amplitude and phase. The random
errors decrease the peak gain of the antenna, introduce beam-pointing error, and increase
SLL. Fortunately, adjusting phase-shifter control settings with limits can minimize the
negative effects resulted from the errors. Studies have been made to characterize the
effects statistically in [8,9,28-36]. By following the analysis in [8], a phased array is
assumed to have an amplitude error of §,, and a phase error of ¢, at the nth element.
This means the actual excitation at the nth element is (1 + 6n)lne(j¢"), where I, is the
correct excitation current. The random amplitude error J,, has zero mean and variance
62. The resultant changes in SLL, directivity, and beam pointing angle are derived and
shown as follows.

For an array of IV isotopical elements, the increased SLL due to the random errors is
given in by

o2 = N (2.10)

where nr is the array taper efficiency equal to one for for uniform distributions and less
than one for tapered apertures. It is thus deduced that the SLL can be reduced by
increasing the size of the array.

The reduction in array directivity is given approximately by [36] as

b__ 1 (2.11)
D; 1402+ ¢ '

where D and D; are the directivities of the array with and without errors. The directivity
decline is only a function of error variance but has nothing to do with array size.
As studied in [30], the variance of beam pointing deviation is given by

o_ 125

A2 =

== (2.12)

According to the equation, the distortion of beam pointing angle is insignificant for a

large scale array.
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2.1.4 Feed Network

There are generally two types of techniques to feed a phased array, i.e., constrained and
unconstrained (space-fed) [37-40]. In a constrained feed, the energy is distributed via
transmission lines and power dividers to the array elements. Constrained feed can be
further characterized as parallel [22,41-45] and serial feeds [46-52]. In a parallel feed
as shown in Fig. 2.5(a), there are power dividers to split the power from the source to
the array element. Usually, 2"~! power dividers are employed to feed a phased array
that has 2" elements. The power dividers are usually same for uniform excited arrays
but unequal power dividers are required for tapered amplitude excitations. Serial feeds
are composed of cascaded power dividing junctions (coupler) in serial, as shown in Fig.
2.5(b). In a serial feed, when the energy flows across a coupler, part of that energy goes
to the corresponding element and the rest of the energy continues to flow until it reaches
the next coupler. While serial feeds have very low loss and excellent power division, but
each coupler needs a separate design which increases complexity. Recently, some new
series-parallel feed networks were also investigated to feed large arrays consisting of sub-
arrays [53-55]. In serial-parallel-fed arrays, sub-arrays are serial-fed and array elements
in a sub-array are fed in parallel.

Unconstrained feeds [56-59] can be considered to be somewhat between a parallel
feed and a center-fed series feed. In an unconstrained feed, the energy is distributed in
transmission medium. For example, in Fig. 2.5(c), the array is illuminated by a horn
antenna. The energy is captured by receivers and then radiated out after some phase
manipulation in TRMs. The unconstrained feed has the advantages of being lighter in
weight and lower in cost. It should be noted that unconstrained feed networks tend to
have relatively larger phase errors than constrained feed networks, thus the effects of

phase errors should be taken into consideration in the array design.



18 Chapter 2. Preliminary

y Y Y Y vy oy Y ¥

TRM TRM TRM TRM TRM TRM TRM TRM

F

S
divider Y
)

5

(a)

Y Y Y Y Y Y7 ¥ 3
ol W U

y Y oy Yy oy Y Y ¥

I B e e B e

=
()

Figure 2.5: Phased array feed networks: Constrained (a) parallel and (b) serial feed
networks; (¢) Unconstrained feed network.



2.2 Phased Shifter 19

2.2 Phased Shifter

In phased arrays, the phase shifters are the essential device that allow the antenna beam to
be steered in the desired direction without physically rotating the antenna. Beam steering
is realized by allocating phase shifters to each radiating element. Usually, this requires
many phase shifters in a large array. Therefore, an electronically controlled phase shifter
that is small, low loss, and low cost is desirable. In this section, the major parameters
used to define a phase shifter are introduced. Then, a summary of different types of

passive planar phase shifters and their recent progresses are presented.

2.2.1 Major Parameters

A phase shifter is a two-port device that produces an adjustable change in the phase of
the wave transmitted through it. The key propagation characteristics concerned in phase
shifter designs are the propagation constant, phase shift, and time delay. The definitions
of the parameters are given and relationships between them are presented as follow.

The propagation constant is the measure of change undergone by the source quantity
as it propagates from one port to the other port. In a transmission line, the propagation
constant is defined by the ratio of the amplitude at the source of the wave to the amplitude

at some distance x, such that,

A
A—Z =, (2.13)

where the real portion a and the imaginary portion Sz are the attenuation and phase
constants, respectively. The attenuation constant o determines the way a signal is reduced
in the amplitude as it propagates, while the phase constant Sx represents the phase shift
of the voltage between the input port and at a distance x.

It takes some time for a wave to transmit from one point to another point of a trans-

mission line, and that time is defined as time delay. The relationship between the phase
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shift and time delay is given as:

, Phase shift(°
Time delay (seconds) = 360 % frequencgg()ﬂzy (2.14)

The amount of delay that a transmission line introduces per distance x is

Time delay = % = 5_3:7 (2.15)
W

where V), is the phase velocity.

Group delay is the average delay time that a specific narrow range of frequencies
experiences when passing through a circuit. It is proportional to the rate of phase shift
at each frequency of interest.

1 Aé

Group delay (seconds) =

The aforementioned parameters reveal the transmission characteristics of a transmission
line. A device that allows one or all the characteristics to change electronically can be
seen as a phase shifter. Some more intuitionistic parameters are used to define the phase
shifters, including frequency range, bandwidth (BW), total phase shift (A¢), accuracy,

resolution, switching speed, and power handling.

2.2.2 Review of Different Types of Planar Phase Shifters

In this subsection, different types of widely used planar phase shifters are reviewed, in-
cluding High-pass/Low-pass, Loaded-line, Switched-line, Reflective-type, Slow-wave, and
Ferrite phase shifters. Their design theories are investigated followed by summaries of

recent progresses on these phase shifters.

High-Pass/Low-Pass

The high-pass/low-pass phase shifter was firstly introduced in [60] and attracted lots

of attentions since then. It has superior power and phase bandwidth capabilities when
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Figure 2.6: Topology of the high-pass/low-pass phase shifter.

compared with more conventional phase shifters using switched lines, reflection or loaded
lines. Moreover, from simple bit topologies with PIN diode switches to more complicated
designs, the high-low pass phase shifter has been found to be ideal on-chip architecture
due to its small size, flat response over a wide frequency band and ability to cancel out
phase effects induced by switches and routing schemes.

In principle, any variable reactance in series or parallel across a transmission line can be
used to introduce phase shift. A high-pass/low-pass phase shifter has two configurations,
the high-pass network and low-pass network, as shown in Fig. 2.6. When the phase
shifter works in the high-pass state, a relative phase delay is realized. By toggling switches
employed, the phase shifter is switched to the low-pass state, resulting in a phase advance
[61]. If the circuit is matched, X = 2B/(1+B?) and the insertion phase is tan™*(2B/(B*—
1)) [62]. Traditional transmission line models of the phase shifter in both the high- and
low-pass states are m-networks. This topology can achieve a phase shift of 180° with about
20% bandwidth.

Recent works on high-pass/low-pass phase shifters have shown improvements from
different aspects, including the reduced chip size [63], lower insertion loss [64,65], and
smaller phase error [66]. Size reduction of the phase shifter can be realized by lowering
the number of capacitors and/or inductors required in the high-pass or/and low-pass

networks. In [63], the phase shifter topology in the high-pass state is a t-network rather
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Figure 2.7: Topology of the loaded-line phase shifter.

than a m-network. The required number of the inductors is halved, which significantly
reduces the chip size.

High-pass/low-pass phase shifters usually suffer from high insertion losses [67-69]. The
largest component of the losses comes from the switches. Therefore, MEMS switches that
have the lowest insertion loss among variable switches were used to obtain a low insertion
loss [64]. Another method to reduce the insertion loss is to achieve better match by
changing the phase shifter’s topology [65].

The high-pass/low-pass phase shifters are very popular in SiGe integrated circuit (IC)
design platforms targeting monolithic T/R module applications for phased array radar
[68,70]. However, the silicon-based monolithic design has inherent design limitations in
achieving small phase errors. To reduce the phase errors, a comprehensive analysis of
error sources in a monolithic high-pass/low-pass microwave phase shifters due to device
size limitations, inductor parasitics, loading effects, and nonideal switches was presented

in [66].

Loaded Line

Fig. 2.7 gives the schematic of a loaded line phase shifter. In this type of phase shifter,
two reactive loads are shunted across a transmission line and spaced apart from each other
by a quarter wavelength. The first susceptance (jB) is employed to provide phase shift,

and the second susceptance (jB) is used to cancel the reflection introduced by the first
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susceptance. In designing this type of phase shifter, we aim to equate the ABCD matrix

to a section of a transmission line with the length of 6, and characteristic impedance of

1 0 0 1 Z 1 0 cos(0 ) Z sin (6
140 _ 0) J (01) (2.17)
jB 1| |j/Zy 0 jB 1 gsin(0r)/Z  cos(6r)
By solving the equation, we can determine
Zy
Z = 2.1
- (BZ)]7” (219
and
1
e 2.19
cos(—BZy) (2.19)

Using this topology, the phase velocity (V},) can be increased or decreased if the suscep-
tance (jB) is capacitive or inductive, respectively. Traditional loaded line phase shifters
are narrow-band and generally used for achieving 22.5° to 45° phase shift [71].

Recent improvements of loaded line phase shifters are focused on the realizations of
the employed reactive loads. Controllable capacitors and inductors are used as the loads,
which brings more flexibility of the phase shifters. The most well-developed technology
is MEMS-based varactor that has been shown to provide very low insertion loss [72-
74].  Another noteworthy progress is the development of tunable inductors based on
low-temperature co-fired ceramic (LTCC)-ferrite tape [75] that a low cost and high power

handling capability.

Switched Line

Switch-line phase shifters are also popular because they are designer-friendly. As shown
in Fig. 2.8, switches are used to toggle between transmission lines with different path

lengths. This phase shifter can introduce a phase shift of

A¢ = B(Ly — L), (2.20)
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Figure 2.8: Topology of the switched-line phase shifter.

where 3 is the propagation constant of the transmission line. Note that [ is in proportion
to radian frequency w, which means that the phase shifter is a true time-delay device
providing a phase response proportional to frequency (w). For this type of phase shifter,
T = —d¢/dw is a constant over the bandwidth. A clear advantage of the constant time-
delay is that the beam steering angle is independent of frequency. However, it is noted
that the off path length and switch capacitance can conspire to create a through path in
parallel with the on path, resulting in high insertion loss and abrupt phase change in the
frequency band.

Switches are the key component in switched line type phase shifters. The employed
switches can significantly affect the performance of the phase shifter. Different switches
including PIN diodes [76], CMOS [77], and MEMS switches [78-81] have been used in
phase shifters to achieve the excellent performance in various frequency bands in the last
few years. Especially the RF-MEMS based phase shifters have advanced significantly with
its high linearity, low loss, and excellent phase accuracy within a compact size. Except
the switches, there are also works on proposing new transmission lines employed in this
type of phase shifter. In [82], Left-hand/right-hand transmission lines have been used

that can provide positive and negative dispersion in different working states.
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Figure 2.9: Topology of the reflective-type phase shifter.

Reflective

The most common type of analog phase shifters is the reflective-type phase shifter [83-92].
Fig. xx shows the architecture of a reflective-type phase shifter consisting of a branch-line
coupler and two reflective loads with equal impedances Z,. The input signal is divided into
two parts and reflected at the reflective loads. Given that the reflective loads are purely
reactive, no power is lost and all signal power is coupled into the output. One significant
benefit of this type of phase shifter is that the input and output impedance matching
is preserved. With the characteristic coupler impedance Z;, the reflection coefficient

observed between Z, and coupler ports is given by

 Z,— 7

— 2”2 2.21

By changing Z,, the phase of this reflection coefficient can be varied. Given the maximum

and minimum impedance of the reflective loads, the phase variation can be obtained as

Z Lmi
A¢ = 2larctan(—=) — arctan(——)]. (2.22)
Z Z

Variable active inductances, capacitances, and LC networks can be applied as the reflective
loads. The reflective-type phase shifter can be used to provide any desired phase shift. It
can provides a bandwidth of up to an octave, mainly depending on the bandwidth of the

coupler.
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The reflective-type phase shifter was firstly proposed in [93] and then further developed
with a variety of topologies and substrate using various hybrids and couplers [reflection
phase shifter [87]. In designing this type of phase shifters, the coupler is the backbone. The
most popular couplers used in this type of phase shifters are 90° hybrid couplers and lang
couplers as shown in Fig. xx. Usually, the couplers have to be approximately a quarter
wavelength long. However, a recent work [83] shows that a coupled structure that is less
than one tenth of the of a wavelength is sufficient to build a high-performance reflection-
type phase shifters. Another innovative progress on the couplers used in reflective-type
phase shifters is a reconfigurable coupler based on MEMS that endows the phase shifter
with a wide frequency range and a high power handling capability [91].

The reflective loading is the other significant component in this type of phase shifters.
The variation range of the reflective loading determines the phase shift range and the
insertion loss variation of the phase shifters. Variable active inductances and capacitances
can be employed in the reflective loadings. Due to the advantages in terms of loss, size, and
power consumption, varactors are employed in most cases. However, the phase shift range
is limited to 180° by using only controllable capacitances. By resonating the capacitance of
the varactor with a series inductor, the phase control range can be significantly increased,
up to an ideal 360° phase shift change. In the last few years, several different loading
topologies have been proposed, aiming to increase the phase shift range and lower the

amplitude variation [84-86, 89, 92].

Slow Wave

Periodically loaded transmission lines are used to achieve band-pass, slow-wave circuits
that have the phase velocity V,, < ¢ [94-98]. By tuning the loads, the phase velocity can
be changed, resulting in phase shift. An infinite transmission line with periodically loaded

lumped element shown in Fig. 2.10 is a slow-wave structure. The structure can be divided
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Figure 2.10: A slow wave structure realized by periodically loaded lumped elements.

into several uniform sections, with each section composed of L, C, and Cjy. Assuming the
separation distance of each unit cell is chosen as s, a wave travelling through this periodic
structure will only experience a phase shift from unit cell to unit cell, such that V,, is
delayed relative to V,,_; as

Vi, = Ve 9% (2.23)
By summing the currents leaving node n, we can get
Va(jwC + jwC’) + [V = Vo (= /wL)] + Vi = Voo (=) /wL)] = 0. (2.24)
Substituting equation 2.23 into equation 2.24, it is shown that
1 2 1
cos(bs) = 5(2 —wL(C+C"). (2.25)

In a propagation mode, , has to be real. Letting cos(fs) = +1, we note that the slow-wave

structure has a lower cutoff frequency wy, = 0 and an upper cutoff frequency wgy

2
[L(C+ OO

Wi = (2.26)

Since 6; = fs, the introduced phase shift can be approximated by giving the extremes
of the tuning range of C” and the number of the sections cascaded. Note that, slow-
wave phase shifters are actually time delay devices and the phase shift is proportional to

frequency.
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Various slow-wave phase shifters have been studied with different methods to tune C’
[99-106]. One of the most popular types is based on ferroelectric varactors [99-101] which
achieves excellent results. One advantage of using the parallel plate ferroelectric varactors
is that low tuning voltage is used. Another advantage is that circuits can be fabricated on
convenient Si substrate. New technologies have been employed recently to design slow-
wave phase shifters, including MEMS technology [102-104], liquid crystal [105], and quartz
substrate [106]. These technologies have resulted in enhanced performance, however, costs

are also increased.

Ferrite

The fundamental source of a material’s magnetic property is the magnetic dipole moment.
In non-magnetic materials, the net magnetic moment is negligible, due to the fact that
the number of electrons with up and down spins is equal. In magnetic materials, one
jargon type of material dominates, and can be aligned by an external DC magnetic bias
field H to generate a large magnetic moment. The spin magnetic moment vector precesses
about the H-field vector at a frequency of w,, = 27 f,,. Precession polarization depends on
the direction of H, and precession frequency is proportional to H. Therefore, f,, = vH,
where v = 2.8 M Hz/Oe is the gyromagnetic constant. The propagation constant 3 can

be obtained as

B (2m\/er! /N, (2.27)
where p/ is the real part of the permeability and e is the dielectric constant of the ferrite.
Ferrimagnetic resonance occurs when the frequency of a microwave magnetic field equals
the precession frequency (f = f,,). The opposite circularly polarized waves experience
different probabilities, p/ and p’. We are able to change the permeability by tuning
the magnetization (magnetic moment) M. When f,, is small compared to f, there is a

significant difference between p/, and p’ for the two polarization senses. In this case, it
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is shown that [107]

iy = 1% y4r M/ f (2.28)

and the phase shift is given as

A = 2 /el — (W)L /N, (2:29)

where L is the length of the ferrite section.

Ferrite phase shifters are divided into reciprocal and nonreciprocal, depending on
whether the variable differential phase shift through the device is a function of the prop-
agation direction [108-110]. Furthermore, ferrite phase shifters can be latching or non-
latching, depending on whether a continuous current must be supplied to hold the mag-
netic bias field. There are generally three types of ferrite phase shifters, i.e., toroidal [111—
113}, dual mode [114-116}, and rotary field [117-119].

Ferrite phase shifters have been widely studied due to their low loss performance
and high power handling capability. However, old-fashioned ferrites are operated in fully
saturated states with high external bias magnetic fields, which makes them bulky and
power consuming. In the last few years, studies have been conducted to reduce the
required bias field from several kilo-Oersteds to less than a hundred Oersteds [120-123].
Partially magnetized ferrite is a promising solution that requires low or zero bias field
and has a fast micro-second tuning speed. It has 0 < g < 1, which can be tuned
by changing its magnetization M between 0 M, (saturation magnetization) with a low
field [124].The most important advantages is that the need for low tuning magnetic fields
for partially magnetized ferrites provides a unique opportunity for dual H- and E-field
tunable RF/microwave multiferroic devices, since the low tuning magnetic field can be

provided by ferrite/piezoelectric structure under electric field.
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2.3 PIN Diode and Capacitor

In this thesis, lumped elements including PIN diodes and capacitors are intensively used.
The PIN diodes are employed as switches and the capacitors aim to provide RF continuity
and DC isolation. This section presents the equivalent circuit, key parameter values, and

mounting requirements of the employed PIN diodes and capacitors.

2.3.1 PIN diode

A microwave PIN diode is a semiconductor device that operates as a variable resistor at
RF and Microwave frequencies [125]. It is a current control device and can be used for fast
switching, when the control current is switched “On” and “Off”. Due to its small physical
size compared to a wavelength, high switching speed, low package parasitic reactance, and
low control power, the PIN diodes are adopted in this work as switches. Specifically, we
chose the commercially available PIN diode with serial number of MA4FCP300 made by
MA-COM Technology Solutions for its low resistance, compact size and low price.

According to its datasheet [126], the diode is fabricated on epitaxial wafers using a
process designed for repeatable electrical characteristics and extremely low parasitics. It
has a flip chip configuration that is suitable for pick and place insertion. Fig. 2.11 shows
the top view of the PIN diode. This figure also gives the dimension requirements of the
metallic pads supporting the diode.

The PIN diode is able to work in two states, the “On” state when it is forward biased,
and the “Off” state when it is reverse biased or has no bias. Fig. 2.12(a) and 2.12(b) shows
the equivalent circuits of the employed PIN diode in the On and Off states, respectively.

The equivalent circuit of the On-state PIN diode consists of a series combination of
the series resistance Ry = 2.6 Q2 and a small inductance Ly = 0.6 nH. For different PIN

diodes, the values of the resistance and inductance can change. In this thesis, smaller
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Figure 2.11: Top view of the PIN diode MAMA4FCP300.

C,=0.04 pF

R=2.6 Q L,=0.6nH

R,=20 KQ

(a) (b)

Figure 2.12: Equivalent circuit of the PIN diode in the (a) “On” and (b) “OFF” states.

resistance and inductance values are preferred for lower losses on the PIN diodes. The
datasheet remarks that the PIN diode requires a forward DC current of 100 mA to work
in the On state. However, according to our experiment results, a DC current of only 20 -
30 mA is enough to activate the diodes and presents no performance variation.

The “Off” state equivalent circuit consists of the PIN diode capacitance C, = 0.04pF’,
a shunt loss element R, = 20 K2, and the parasitic Inductance Ly = 0.6nH. In this state,
the PIN diode blocks the RF currents and can be seen as ideal open circuit. The PIN
diode doesn’t need any bias current to work in this state. However, if the PIN diode is
reversely biased, the capacitance C,. and R, can be slightly lower. The maximum reversely

biased voltage is 100 V before breakdown.
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Figure 2.13: (a) Outlet of the ATC 600L series capacitor with suggested mouting pad
dimensions. (b) Equivalent circuit of the capacitor.

2.3.2 Capacitor

In this thesis, capacitors are used in phase shifter designs in blocking DC current while
allowing RF current to pass. The ATC 600L Series thin-film capacitor [127] made by
ATC Technology Inc. is adopted for its low resistance, high Q, and compact size. The
thin-film capacitor can be fixed on metallic pads using epoxy technology. The outlet of
the capacitor with its suggested mounting pad dimensions, and the equivalent circuit are
depicted in Fig. 2.13(a) and 2.13(b), respectively.

As shown in Fig. 2.13(b), the capacitor has an intrinsic resistance of ESR, where
ESR =~ 0.1 Q at 1 GHz, and increases slightly with frequency. A capacitor usually
has both the series resonant frequency (Fsg) and the parallel resonant frequency (Fpg),
respectively [108]. This is attributed to the existences of a serial capacitor Cs and a

parallel capacitor C,. The Fgp is defined by

Fsp = 1/2m\/L.Cs, (2.30)

at which frequency, the capacitor’s net reactance is zero and the impedance equals ESR.
The magnitude of the transmission impedance the capacitor presents will be extremely
low from the bottom frequency end determined by the capacitance value, right through

the Fsr until one approaches the first Fpgr. The first Fpp is frequently called simply the
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Figure 2.14: Fsr and Fpg curves of the ATC 600L capacitors.

Fpgr. In reality, there is a second Fpg, third Fpg, and so on. Roughly, the Fpp is twice
of the Fsr. At the Fpg, the impedance of the capacitor could be quite high, resulting in
noticeable high IL.

When choosing the capacitor, it is preferred that the capacitor has the Fgr at the
designed centre frequency, and has the Fpr above the maximum working frequency. This
way, the employed capacitor can introduce minor insertion lo ss in the working band.
Fig. 2.14 gives the Fgr and Fpg curves of the ATC 600L capacitors, which is used to
find the suitable capacitor for our design. In this thesis, the centre frequency is 5.2 GHz
for wireless local area network (WLAN) applications. To have the Fsg at 5.2 GHz, the

capacitor with a total capacitance of 6.2 pF is selected.

2.4 Summary

This Chapter presented a literature review and background material related to this thesis

for phased array antennas and phase shifters. Firstly, a brief introduction of the the-
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ory and architecture of phased array antennas was presented. Most significant design
considerations of phased array antennas were described followed by reviews of advanced
solutions published recently. Then we intensively reviewed various types of array feed
networks, which is closely related to the main contributions of this thesis. Subsequently,
phase shifters which are the most crucial component in phased arrays were introduced.
A comprehensive review of different types of planar phase shifter was presented, includ-
ing high-pass/low-pass, loaded-line, switched-line, reflective, slow-wave, and ferrite phase
shifters. The working mechanism of these phase shifters were described and their pro-
gresses in the last ten years were summarized. Finally, in the last section, the Pin diode

and capacitor that have been extensively used in this work were investigated.
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Phase Shifter Based on RDMS

3.1 Introduction

Beamforming is an effective way of improving the link performance of wireless commu-
nication systems. Conventionally, this is achieved by either digital [128-132] or analog
beamforming [133-136]. Digital beamforming is the most flexible approach, and it can
give the best system performance due to its ability to optimize the beam pattern according
to the radio environment. A major disadvantage of digital beamforming is the high cost
associated with the RF chains and signal processing units. By contrast, analog beam-
forming is a much less expensive approach, as the beams are formed via phase shifters
and combiners that are located before the active devices. As a result, only one RF chain
and a minimum amount of signal processing are required.

However, even in low-cost analog beamforming systems, for example, the phased ar-
ray antennas, a number of phase shifters are employed, which could substantially increase
costs. To minimize cost, the most effective way is to reduce the cost associated with
the phase shifters. In low-cost analog beamforming, ferrite phase shifters are often used.

However, these are relatively bulky and heavy compared to diode phase shifters, and they

35
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require significant switching power. Generally, phase shifters tend to be lossy or incon-
venient for integration with the antenna array for low-cost and high-volume realizations.
In the last few years, some novel phase shifters have been proposed based on defected
ground structure (DGS) [137-140] which was originally used in filter, coupler, and oscil-
lator designs. In [141], a novel phase shifter with DGS was presented that had a larger
phase-shifting range. By using DGS in termination loads, the phase-shifting range was
increased to 145° compared with a 65° phase shift for the same structure using conven-
tional loads. Shafai et al. [142] introduced thin-film copper membranes in the ground
plane below the transmission line to enable the ground plane reconfiguration. By actu-
ating these membranes, the space between the transmission line and ground plane was
tuned, and the line capacitance changed, which resulted in phase shift. In this design,
the maximum phase shift realized was 55.5° at 14.25 GHz by applying a 405-V pull down
voltage. Subsequently, this phase shifter was improved in [143] by using flexible microrib-
bons that required significantly lower actuation voltage to replace the membranes. A 41°
phase shift was obtained in the design with an actuation voltage of 120 V. In [144], the
membrane in [142] was replaced by metallized polydimethylsiloxane (PDMS) elastomeric
ground plane and the cost was reduced to some extent. The design described had an
insertion loss of 2.5 dB and a phase shift of 170° at 50 GHz. In addition, a phase shifter
giving a 45° phase shift was proposed in [145]. It employed DGS under parallel stubs, and
this achieved a wider bandwidth and had a smaller size than a similar structure without
DGS.

As a dual structure of DGS, the defected microstrip structure (DMS) [146] also has
the potential to realize phase shifts. However, there have rarely been phase shifters based
on DMS described in the literature. This chapter motivates to propose a low-cost low-
loss phase shifter design, by developing the potential of DMS to be used as phase-shifting

unit. In this Chapter, we propose a new type of reconfigurable DMS (RDMS)-based phase
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shifter. The proposed RDMS unit is a segment of microstrip line with a slot on it, and the
slot is loaded with PIN diodes and capacitors. By applying different biasing voltages to
switch the working states of the diodes, the current paths are changed, thus leading to a
phase shift. In addition, by cascading a number of the RDMS units and controlling them
separately using different DC voltages, stepwise phase shifters are realized with flexible
phase-shifting range and step size. To verify the concept, phase shifters with three, six,
and nine RDMS units have been designed, fabricated, and measured.

This chapter is organized as follows. In Section 3.2, the basics of the RDMS unit are
presented, including the structure, working mechanism, equivalent circuit, and parame-
ter analysis. Subsequently, the proposed RDMS units are cascaded, resulting in RDMS
groups, which is studied in Section 3.3. Then, stepwise phase shifters employing RDMS
groups are designed, fabricated, and measured. Finally, the conclusion is drawn in Section

3.4.

3.2 RDMS Phase-Shifting Unit

In this section, the RDMS is proposed and then studied as a phase-shifting unit. The
structure is presented and the working mechanism is discussed. Moreover, physical di-
mensions of the RDMS are studied to demonstrate how they affect performance (IL and
phase shift). The variation law obtained by simulations is then explained by equivalent
circuits. Ultimately, with the understanding of its working mechanism and performance

characteristics, an optimized RDMS phase-shifting unit is developed.

3.2.1 Structure Description

The proposed phase-shifting unit is made by etching a slot on a microstrip line and loading

the slot with PIN diodes and capacitors. Such a structure can be realized in two steps,
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Figure 3.1: Structure of the DMS unit. (a) Step 1: etching a slot on a microstrip line,
(b) Step 2: loading PIN diodes and capacitors (complete structure).

which are illustrated in Fig. 3.1(a) and 3.1(b), respectively. The first step is to etch a
rectangular slot with a size of W, X Ly, on a microstrip line with a width of Wpyg, as
shown in Fig. 3.1(a). This creates a DMS. The second step is to insert the PIN diodes
and capacitors to the slot. As shown in Fig. 3.1(b), two gaps are etched on the edges
of the microstrip line to place the diodes, and stubs are employed as mounting pads for
the capacitors. This way, the DMS is able to be reconfigured by controlling the working
states of the PIN diodes.

Fig. 3.1(b) depicts the complete structure of the RDMS unit. The employed substrate
used in this work is Rogers 4003, which has a substrate thickness of A, dielectric constant
of £, and loss tangent of 4. We remark that there are some key dimensions to be noticed,
including the microstrip line width Wpysg, the slot size W X Ly, the gap size W;x g,
and the separation distance between the two stubs P. The values of the mentioned

parameters are given in Table 3.1, for researchers and engineers who are interested in
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Table 3.1: Dimension values of the RDMS unit

Parameter | Value Description

Wpms 10 mm The width of microstrip line

Wiiot 8 mm The width of the slot

Lot 2 mm The length of the slot

P 4 mm The distance between the two stubs
W, 0.7 mm The width of the stub

g 0.4 mm The width of the gaps

h 1.524 mm | Substrate thickness

€ 3.55 Substrate dielectric constant

4] 0.0027 Substrate loss tangent

repeating this work. The presented dimension values are one set of the optimized results.

The optimization details will be shown in Section 3.2.4.

3.2.2 Working Mechanism

The RDMS unit shown in Fig. 3.1(b) has two different states: the ON-state when the
diodes are turned on, and the OFF-state when the diodes are turned off. Here we assume
that the PIN diodes are ideal switches, which can be seen as segments of microstrip lines
or an open circuit, when turned on and off, respectively. The capacitors are used for DC
isolation and have minor resistances to RF signals. They are also replaced by segments
of microstrip lines in our equivalent models. Fig. 3.2(a) and 3.2(b) shows the equivalent
models of the RDMS and the current distribution in the ON- and OFF-states, respectively.

In the ON-state, the RDMS can be seen as conventional microstrip line with three

slots. Since the currents on the microstrip line are concentrated at the edges, which is
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On-state Off-state
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Figure 3.2: Current distribution on the RDMS unit for (a) the “On” and (b) “Off”
states.

a characteristic of the microstrip line, the relatively small slots have minor effects on
the current distribution. In this thesis, we will only consider the working frequency of
fmaz < C/(4 X Lgo). Within this frequency range, the resulted slots don’t radiate at all.
Therefore, the ON-state RDMS behaves just like a uniform microstrip line.

In the OFF-state, the RDMS has the new current paths passing through the bridges,
due to the blocked path caused by the PIN diodes at the edges of the RDMS. The OFF-
state current paths are obviously longer than those of the On-state. Considering the
RDMS is a two-port device, the RF signals take more time to pass through this device
in the OFF-state that in the ON-state, which introduces different phases of transmission
coefficient Sy;. Meanwhile, there will be more reflection caused by the discontinuity in
the OFF-state, and therefore the magnitude of S5, will be different.

In this thesis, the phase shift of the RDMS is defined as the Ss; difference between

the On- and OFF-states (AP = ®(S551_opr) — P(S21-0n)). And the insertion loss (IL) is
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Figure 3.3: Equivalent circuit of the RDMS unit in (a) the “On” and (b) “Off” states.

defined as —|S2;|. These are the two most important performance indexes considered in

this thesis.

3.2.3 Equivalent Circuit

To better understand how the RDMS phase-shifting unit shown in Fig. 3.1(b) works,
equivalent circuits are derived based on the equivalent structures described in Section

3.2.2, and the equivalent circuits of the PIN diodes and capacitors given in Section 2.3.
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Fig. 3.3(a) and 3.3(b) shows the ON- and OFF-states equivalent circuits of the RDMS
unit, respectively.

The RDMS unit can be divided into the defect area and uniform connecting microstrip
lines. As shown in Fig. 3.3(a), the connecting microstrip lines are replaced by the distri-
bution model, where Z,, Cy, and Lq represent the characteristic impedance, distributed
capacitance per unit length, and distributed inductance per unit length of the connecting
lines, respectively. The defect area can also be seen as transmission line system and can
be modelled as a serial conductor Lp = Ly X Ly, and a ground capacitor Cp = Cy X L.
In the ON-state, the currents are concentrated at the edges, and the capacitors exhibit
minor impedance. Therefore, the metal stubs and capacitors are neglected. The forward
biased PIN diode is modelled as a serial combination of a resistor R; and inductor L. In
addition, the resultant slots in the defect area can introduce additional capacitance Cj,
which is also considered in the equivalent circuit. The characteristic impedance of the
defect area Zp can be roughly calculated by [(Lp + Ly)/(Cp + Cs)]*/2. Since L; < Lp
and Cy < Cp, the characteristic impedance Zp ~ Z,, where Z; is the characteristic
impedance of a uniform microstrip line. Given the line width Wp),g, dielectric constant
e, and substrate thickness h, it is calculated that Z, = 23€)2. The connecting lines and the
defect area have almost the same characteristic impedances, which avoids discontinuity
and reflection. However, due to the presence of the forward biased diode with resistance
Rf , a RDMS unit could have a slightly larger IL than a uniform microstrip line with the
same length.

Fig. 3.3(b) shows the equivalent circuit of the RDMS unit in the OFF-state. The
models of the connecting lines are the same with those in the ON-state. However, the
equivalent circuit of the defect area is different. In the OFF-state, the diodes are turned
off, and modelled as a parallel circuit consisting of a large resistor and a small capacitor.

This leads to a fact that there is minor current go through the diodes located at the edges
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of the microstrip line (highlighted in red font in Fig. 3.3(b)). Therefore, the red path is
neglected, and the defect area in the OFF-state can be seen as a transmission line with
a characteristic impedance of Zp/. It can be calculated by [Lp//(Cp + Cs)], where Lpy
and Cpr are the distributed inductance and capacitance per unit length, respectively, of
a microstrip line with a width of P, dielectric constant of £, and substrate thickness of h.
Cs is determined by the area of the resulted “T-slot” in Fig. 3.2(b).

From P < Wpus, it is conducted that Zp > Zp ~ Zy, Lpr > Lp ~ Lg, and
Cp < Cp =~ Cy. Due to the mismatch of the connecting line (Z;) and defect area (Z7)),

reflection is introduced by the discontinuity and IL is increased in the OFF-state.

3.2.4 Parameter Analysis
Physical Dimensions

In this subsection, parameter sweeps of the four physical dimensions: Wy, Lo, and
Wpums, and P are made. These four parameters are found to have significant effects on
the IL and the phase shift of the RDMS unit. The parameter sweep aims to elaborate on
how the dimensions of the RDMS affect the performance. The parameter sweep is made
by sweeping one of the parameters each time while the others are fixed at the value given
in Table 3.1. The dimension values are the optimized results based on simulations using
CST Microwave Studio [147]. They were obtained by trial and error based optimization
process with two goals. The first goal was to achieve the greatest phase shift with an
acceptable IL (below 1 dB). The second was to create the smallest possible RDMS unit
on the premise of the first goal.

The sweep of Wy, was made from 5 mm to 8 mm due to the fact that P < Wy, <
Wpuns. Fig. 3.4(a) and 3.4(b) shows the simulated magnitudes and phases of Sy; with

different W, respectively. It was observed that the transmission coefficient S; in the
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Figure 3.4: Simulated (a) magnitudes and (b) phases of Sy; when W, sweep from 5
mm to 8 mm.
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Figure 3.5: Simulated (a) magnitudes and (b) phases of Sy; when Ly, sweep from 1
mm to 4 mm.
ON-state showed good stability with increased Wy,;. In the OFF-state, however, both
the magnitude and the phase of Sy decreased with Wy,;. It is thus concluded that both
the IL and the phase shift increase with Wy,;.

The sweep of the slot length L, was made from 1 mm to 4 mm with the results

shown in Fig. 3.5. The S3; in the ON-state exhibits minor variations with different L.
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Figure 3.6: Simulated (a) magnitudes and (b) phases of Sy; when Wp s sweep from 10
mm to 13 mm.
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Figure 3.7: Simulated (a) magnitudes and (b) phases of Sy; when p sweep from 1 mm
to 5 mm.

In the OFF-state, both the magnitude and the phase of Sy, decrease with L. This
indicates that both the IL and the phase shift increase with L. It should be noted that
L, also affects the size of the RDMS unit. Clearly, a larger L,; implies a longer RDMS
unit, and the size increase will be amplified if several RDMS units are cascaded.

The width of the microstrip line Wpyss is a parameter of significant importance as
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Table 3.2: Variation law of the performance with some key dimensions of the DMS unit

Parameter P Wiior /* Lot /* Wpus /
IL (ON-state) — - —— __
IL (OFF-state) N Vs Vs \
Phase of Sy; (on-state) — _ __ __
Phase of Sy, (off-state) Va N N, Va
Phase shift \ Vs Vs N

it not only determines the characteristic impedance of the microstrip line but imposes
an upper limit on Wy,;. Since Lg,; is fixed at 8 mm and Wpyss should be no less than
Wior + 2W;, the parameter sweep of Wpyss was made from 10 mm to 13 mm. Fig. 3.6(a)
and 3.6(b) shows the simulated magnitudes and phases of Sy, respectively. According to
the figures, both the IL and the phase shift decrease with Wpj,s.

Fig. 3.7(a) and 3.7(b) depicts the effects of P on the magnitude and phase of Sy; in
both the ON- and OFF-states with P varying from 1 mm to 5 mm. In the ON-state,
both the magnitude and the phase of Sy; have little variation with the varying P. For
the OFF-state, both the magnitude and the phase of Sy increase dramatically with P.

The effect of these parameters on the performance of the DMS unit is summarized
qualitatively in Table 3.2. The variation ranges of the parameters given in the table are
determined according to the dimension limitations. The symbols “ 7 “\/”, and “——"
in the table signify that the corresponding value increases, decreases, and almost remains
unchanged, respectively. For example, when P increases, the OFF-state 1L and also the
phase shift values decrease, while in the ON-state the IL and the phase barely change.
It is noted that during the parameter sweep, the OFF-state IL were always larger than

those in the ON-state. The variation law of the dimensions on the performance can be
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explained using the varied current path lengths between the ON- and OFF-states of the
RDMS unit. As shown in Fig. 3.2, there exists a current path change when the RDMS
unit works in the two different states. Generally, the value of the change is proportional
to the IL and the phase shift values.

A single RDMS unit with the dimension values given in Table 3.1 has an IL of 0.8
dB with a phase shift of 17° at 5.2 GHz. The width of the RDMS unit Wp,ss is 10 mm,
which results in a characteristic impedance of 7, = 23 (2. Tapered microstrip lines were
used as impedance transformers to connect the DMS unit to the 50 €2 system, which will
be shown in the next section. The length of the slot in the RDMS unit Lg is 2 mm (0.06
wavelengths at 5.2 GHz). In addition, the simulated results show that a RDMS unit has
radiation losses below -50 dB in both the ON- and OFF-states. The radiation losses are
included in the IL and are not shown separately for the phase shifters described in this

work.

Diodes and Capacitors

There are diodes and capacitors employed in the proposed RDMS unit. The diodes are
used as switches and the capacitors are used to provide RF path and to block DC current.
It is concerned that they might have negative effects on the performance. Simulations
have been made based on a RDMS unit with the dimension values given in Table 3.1 to
investigate the effects of the employed diodes and capacitors.

Firstly, the magnitudes and phases of Sy; are calculated assuming the RDMS unit is
a pure microstrip-based device as shown in Fig. 3.2. Then, we put the diodes at the
edges and recalculate the results. Subsequently, capacitors are also considered in the
third calculation. Finally, all the obtained results are compared in Fig. 3.8. In these
simulations, all the diodes and capacitors are modelled as described in Section 2.3.

As shown in Fig. 3.8(a), it is noticed that the diodes introduce an additional IL in
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Figure 3.8: Simulated (a) magnitudes and (b) phases of Ss; of the RDMS units with or

without diodes and capacitors.

the ON-state, which is due to the small resistances of the diodes. Since the ON-state ILs
are always small compared to the OFF-state ILs, the losses attributed to the diodes are
acceptable. Moreover, we notice that the ON-state IL can be reduced with the presence of
the capacitors. In the OFF-state, the diodes and capacitors have the same effects as that

in the ON-state. According to the results shown in Fig. 3.8(b), the diodes have minor
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effect on the phase shift of the RDMS unit. However, the capacitors slightly decrease
the phase shift value. By employing capacitors with smaller capacitances, the phase shift
values can be increased with an increased IL in the OFF-state. It is summarized that

the employed diodes and capacitors have minor effects on the IL, phase shift value, and

bandwidth.

3.3 Cascaded RDMS Phase-Shifting Group

As described in the previous section, the phase shift produced by a single RDMS unit is
17°. By changing the dimensions, this phase shift value can either be reduced or increased.
However, a larger phase shift value is always accompanied by a larger IL. In this section,
we aim to obtain greater phase shifts while maintaining low IL by cascading the RDMS

units described in Chapter 3.2.

3.3.1 Mutual Coupling Analysis

As shown in Fig. 3.9, 3 RDMS units are simply cascaded with the separation distance
of d. With the fixed dimension values of the RDMS units, each RDMS unit individually
introduces a phase shift of 17° and an IL of 0.8 dB. However, when the RDMS units are
put together and formed into a phase-shifting group, the IL and phase shift values are
changed due to the mutual interaction between the RDMS units. The intensity of the
mutual interaction depends on the separation distance d. Therefore, a parameter sweep of
d is conducted to study its effects on the performance of the RDMS phase-shifting group.

Fig. 3.10(a) and 3.10(b) shows the simulated Sy; magnitudes and phases of the RDMS
group. According to the figure, the ON-state IL is very small and remains almost constant
for different values of d. For the OFF-state, however, the insertion loss increases with the

distance d. This loss is still comparable to the IL of a single RDMS unit, which makes
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Substrate

Figure 3.9: RDMS phase-shifting group consisting of 3 RDMS units.
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Figure 3.10: Simulated Sy; (a) magnitudes and (b) phases of the RDMS group.

phase shifters using RDMS units practical. With a 1 dB loss criteria, d should be < 3
mm. Meanwhile, the phase shift obtained by RDMS units increases with d. As the IL
also increases with d, a compromise on spacing d needs to be made between the achieved
phase shift value and the IL. With such considerations, d was chosen to be 2 mm in the

phase shifter designs that are described in the next subsection.
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3.3.2 Phase Shifter Design

In this section, phase shifters are proposed based on RDMS units. Fig. 3.11(a)-3.11(c)
shows the structures of the phase shifters made by cascading three, six, and nine RDMS
units, respectively. They are correspondingly defined as 3-, 6-, and 9-RDMS phase shifters.
The basic structures of the three phase shifters are similar, which consist of RDMS groups,
tapered microstrip lines for impedance matching, and DC biasing networks for states
control. According to the previous study, a RDMS group consisting of three RDMS units
has a phase shift of nearly 45° and an IL < 1 dB at 5.2 GHz. As shown in Fig. 3.11(a),
a DC biasing network is employed to control the working states of the RDMS group. It
consists of a square pad for DC source connecting, a low-pass filter composed of a surface-
mount inductor (L = 15nH), a capacitor (C' = 6.2pF’), and a grounded via for isolation of
the DC biasing voltage from the RF signal. We remark that the characteristic impedance
of the RDMS is 23€2. In order to connect the RDMS group with 50-{2 microstrip systems,
tapered microstrip lines are employed. It is proved that the tapered microstrip lines are
able to reduce the reflection without affecting the S5, phase shifts for the RDMS working
in the ON- and OFF-states. In this work, the length of the tapered microstrip lines have
an optimized value of dy = 12 mm.

In the proposed designs, every RDMS group can be controlled separately by means
of the DC biasing networks. With different combinations of the DC voltages applied on
the pads, the phase shifters are able to work in different states with different phases. The
working states of the phase shifters are summarized in Table 3.3. In fact, for the 6- and
9-RDMS phase shifters, there is more than one biasing method to realize some of the
states listed in Table 3.3. For example, the Half-on state for the 6-RDMS phase shifter
can be realized either by turning Group 1 on and Group 2 off, or by turning Group 2
on and Group 1 off. The phase shifter presents minor differences in performance using

these alternative symmetric biasing methods. In this thesis, for the sake of clarity, only
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Figure 3.11: Prototypes of the (a) 3-RDMS, (b) 6-RDMS, and (c) 9-RDMS phase
shifters.
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Table 3.3: Definitions and descriptions of the proposed phase shifters’ working states

Phase shifters States name Groupl | Group2 | Group3
3-DMS All-on state on - —
phase shifter All-off state off — ~
All-on state on on —
6-DMS
Half-on state on off —
phase shifter
All-off state off off -
All-on state on on on
9-DMS 6-on state on on off
phase shifter 3-on state on off off
All-off state off off off

the results of one biasing method are given.

The 3-, 6-, and 9-RDMS phase shifters are also fabricated and measured. The fab-
ricated phase shifters are pictured in Fig. 3.12. In order to evaluate the performance,
the simulated and measured IL and phase shifts are compared and shown in Figs. 3.13
to 3.15 for each of the three phase shifters. The phase shifts shown in Figs. 3.13(b) to
3.15(b) are given by Phase(other states) - Phase(All-on state). Therefore, the results in
the All-on states are not given as separate plots.

As shown in Figs. 3.13 to 3.15, the measured transmission coefficient Sy agrees well
with the simulated results. For the 3-RDMS phase shifter, the measured IL are < 1 dB in
both the All-on and All-off states at 5.2 GHz. The measured phase shift between the two
states is 45°. For the 6-RDMS phase shifter, the worst case of the measured IL is 1.81

dB in the All-on state. With reference to the phase of the All-on state, measured phase



54 Chapter 3. Phase Shifter Based on RDMS

Figure 3.12: Fabricated prototypes of the 3-, 6-, and 9-RDMS phase shifters.
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Figure 3.13: Simulated and measured (a) IL and (b) phase shift of the 3-RDMS phase
shifter.
shifts of 45° and 90° for the Half-on and All-off states are realized, respectively. For the
9-RDMS phase shifter, the worst case of the measured IL is 2.3 dB in the All-off state.
With the All-on state phase as a reference, the measured phase shifts of the other 3 states
are 44°, 95°, and 143°, respectively.

According to the results, the three phase shifters have different ranges of phase shift
with a same phase step size of 45°. The experimental results agree well with the simulated

ones, which validates the flexibility and practicability of the design method. Regarding the



3.3 Cascaded RDMS Phase-Shifting Group 55

-0.5
e 40 g
) ——— . . 0w vyl
i\—‘\—ﬁhﬂ_‘ ‘RM v '__"""‘--v-—-,
R YT Yy it 2N
10 “—‘PH\_‘ -50 —'_*v
o
o
doa O .
o158 —=——:i— BE S e 3 80 - _v— Sim. Half-on state
~ = | —=—Sim. All-off state
m& g -70 -+ -Mea. Half-on state
= - - o L - = - Mea. All-off state
(2]
—a— Sim. Half-on state Jo:)
—a— Sim. All-off state o e
2.5 Mea:-All-on-state '\l\.\n_ et N -
| - -Mea. Half-on state %0 T %o a
- -4 - Mea. All-off state r ey
-3.0 . . . . -100 : : : .
5.10 5.15 5.20 5.25 5.30 5.10 5.15 5.20 5.25 5.30
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 3.14: Simulated and measured (a) IL and (b) phase shift of the 6-RDMS phase
shifter.
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Figure 3.15: Simulated and measured (a) IL and (b) phase shift of the 9-RDMS phase
shifter.

IL, the measured results are larger than the simulated ones. This is due to the fabrication
inaccuracies and uncertainties in the discrete component values that are obtained from
the datasheet, which leads to mismatches that deteriorate the impedance matching. This
could be improved by better characterizing all the models.

Compared to DGS based phase shifters [141-145], RDMS based phase shifters have a
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number of advantages. Firstly, the proposed phase shifter has a larger phase shifting range
compared to the designs in [141-143, 145], and a lower IL than those of the designs in [142,
144]. A maximum phase shift of 143° is obtained with the present approach. Secondly,
this RDMS based phase shifter is more flexible in its ability to meet various system
requirements. Specifically, different ranges of phase shift can be obtained by changing
the phase shift value of a single RDMS unit, the number of the cascaded RDMS units,
and the distance d between the adjacent RDMS units. Also, the phase step size can be
altered by changing the number of the RDMS units in a RDMS group that are controlled
simultaneously. Thirdly, compared to the designs which require high voltages [142, 143],
the control method of the proposed phase shifter is simpler and likely to be more reliable
as only low DC voltages are required for biasing. Fourthly, the fabrication process for the
RDMS phase shifter is much simpler compared to designs [142-144] employing multilayer
substrates. Finally, the phase shift obtained by the RDMS phase shifter is in proportional
to frequency, which indicates that the RDMS phase shifter provides true time delay. This
can alleviate the beam squint problem when the phase shifters are used in phased arrays.
However, the proposed phase shifter has some disadvantages, including a large number
of lumped elements and a large electrical size. It is noted that the large number of
lumped elements does not necessarily lead to a high fabrication cost compared to phase
shifters involving microelectromechanical systems (MEMS) [142-144], especially during
mass production. In addition, the quantity of the lumped elements and the size of the
phase shifter can be reduced by further optimizing the structure, which will be discussed

in the following chapter.
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3.4 Summary

This chapter proposed a RDMS phase-shifting unit made by etching a slot on a microstrip
line and loading the slot with PIN diodes and capacitors. Such a RDMS unit is able to
work in two different states by altering its biasing currents to have a phase shift. The
working mechanism was discussed and the relationships between the key dimension values
and performance were studied. A RDMS unit with optimized dimension values considering
size, IL, and phase-shifting value was obtained. It is able to provide 17° phase shift with
0.8 dB IL at 5.2 GHz.

Then, the RDMS group was proposed by cascading the 3 RDMS units. By tuning
the separation distance between the RDMS units relating with the intensity of the mu-
tual coupling effect, a RDMS group was realized with multiplied phase-shifting range but
comparable IL. Subsequently, stepwise phase shifters were built by cascading the RDMS
groups and controlling each group separately using biasing networks. The resultant step-
wise phase shifters were also fabricated and measured. Comparisons were made between
the measured RDMS-based phase shifters and the comparable DGS-based phase shifters,

which validated the superiority of the proposed RDMS phase-shifting unit.
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Chapter 4

Phase Shifter Based on MRDMS

4.1 Introduction

In the previous chapter we proposed a RDMS phase-shifting unit to design low-cost step-
wise phase shifters. The RDMS unit is able to provide phase shift by tuning the working
states of the employed PIN diodes. However, it was shown that the IL increased with
the phase shift value. Then CRDMS group was obtained by cascading 3 RDMS units,
which has a multiplied phase-shifting range but comparable IL. Stepwise phase shifters
employing CRDMS groups were fabricated, measured, and compared with comparable
phase shifters in the literature. It was concluded that the RDMS-based phase shifters
have the advantage of low cost, low loss, simple fabrication process, and easy integra-
tion with microstrip system. However, it has the disadvantages of large electrical size
and high volume of lumped elements that could affect its applications and increase the
implementation cost.

In this chapter, we investigate a modified RDMS (MRDMS) unit with a compact
size and a simpler structure. Based on this MRDMS unit, a complete design scheme of

stepwise phase shifters consisting of three steps is presented. Each step is supported by

29



60 Chapter 4. Phase Shifter Based on MRDMS

simulations and experiments and its mechanism is explained using qualitative equations.
Various phase shifters are obtained by following the proposed design scheme. Comparing
the obtained phase shifters with the ones obtained in the previous chapter, significant
reductions in size, cost and IL are achieved, while the phase-shifting range remains at the
same level.

The rest of the chapter is organised as follows. Section 4.2 presents the structure,
working mechanism, and some characteristics of the MRDSM units. Several samples of
MRDMS units are also fabricated and tested. In Section 4.3, the MRDMS units are
cascaded, resulting in MRDMS groups, which have multiplied phase shifts but lower IL.
Insights of the performance improvement are also given in this section. Then, the MRDMS
groups are used to design stepwise phase shifters in Section 4.4. Finally, this chapter is

concluded in Section 4.5.

4.2 MRDMS Phase-Shifting unit

4.2.1 Structure Description

The structures of the original RDMS unit described in the previous chapter and the
MRDMS in this chapter are given in Fig. 4.1(a) and 4.1(b), respectively. As shown in the
figures, both of the units are built by etching a rectangular slot with a size of W X Lo
on the microstrip line to introduce a defect. PIN diodes are inserted into the edges of the
slot area, which enables structural reconfiguration and results in a RDMS unit. Capacitors
and metal stubs used for capacitor mounting are placed in the middle of the slot to achieve
RF continuity when the diodes are turned off. The dimensions g; = 0.4 mm and g, = 0.7
mm are determined by the mounting requirements of the lumped elements [126, 127]. The
two units employ the same substrate Rogers4003 (h = 1.524mm, e = 3.55, § = 0.0027).

It is noted that the main differences between two RDMS units shown in Fig. 4.1
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Figure 4.1: Configurations of (a) the original RDMS unit and (b) MRDMS unit.

manifested in the width of the microstrip line, the presence of the tapered microstrip
lines, and the number of the stubs. We use only one pair of stubs in the MRDMS unit
[Fig. 4.1(b)] rather than two pairs in the original RDMS unit [Fig. 4.1(a)], so that the
width of microstrip line W can be reduced from 10 mm to 3.4 mm. This way, the tapered

microstrip lines used to connect the RDMS unit to the 50 ) port are eliminated.
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4.2.2 Working Mechanism

By comparing the MRDMS unit shown in Fig. 4.1(b) with the original RDMS unit shown
in Fig. 4.1(a), it is noticed that significant size reduction has been achieved. Meanwhile,
the size reduction does not lead to any performance deterioration. The phase shift and
IL can remain almost the same by tuning the slot dimensions Wy, and L.

1) Phase-shifting range

The phase shift is achieved by controlling the PIN diodes to obtain different current
paths. By turning the diodes “on” or “off”, the RDMS and MRDMS units can work
in two different states, namely, the ON- and OFF-states, respectively. In the ON-state,
both the diodes and capacitors allow the currents to go through them with minor losses.
Numerical simulations find that the currents concentrate at the edges of the units, which
is similar to that of a uniform microstrip line. In the OFF-state, the currents concentrate
on the stub since the OFF-state diodes can be seen as open circuits. Therefore, phase
shift is realized due to the different current path in the two states. It can be deduced
that the phase shift 6 is a function of tand L, which affects the current path and can
be expressed as

6= F(t, Lu). (4.1)

Although the width of the MRDMS unit W in this paper has been significantly reduced
(from 10 mm to 3.4 mm), the value of ¢t [t = (Wt — g2)/2 for the MRDMS unit| can be
remain similar to that of the RDMS by tuning W,,;. Therefore, the width reduction does
not degrade the phase shift of the MRDMS unit.

2) IL in the ON-state

The IL of the MRDMS unit is very small in the ON-state, since the unit behaves like

a uniform microstrip line. It can be expressed by

L,(All-on) = Ly, + Lgp, (4.2)
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where L,, represents the loss of a conventional microstrip line and Ly, represents the sum
of the diode loss and radiation loss. L,, increases with the line length and the loss tangent
of the substrate. The experimental results show that a 50-mm long microstrip line made
on Rogers4003 substrate has a line loss of about 0.2 dB. Ly, is dominated by the loss of
the PIN diodes since the radiation of the MRDMS is neglectable in our working band.
Considering the two parallel diodes employed in a MRDMS unit is a pair, each pair of
diodes can introduce approximately 0.1 dB IL.

3) IL in the OFF-state

In the OFF-state, both the MRDMS and the RDMS units introduce noticeable reflec-
tion which results in the extra transmission degradation. Here we define the degradation
caused by the reflection as Fi= F1 (W, Lsot). As a consequence, the IL of the phase-

shifting units in the OFF-state can be expressed by

Lu(All'Oﬂ) = Lm + Ldr + Fl(Wslot> leot)~ (43)

The reflection is attributed to the step in the phase-shifting units as shown in Fig. 4.2(a)
and 4.2(b). The transmission line model of the RDMS and MRDMS units are given in
Fig. 4.2(c).

The characteristic impedances of the defect area and the microstrip line surrounding
the defect area are Zp and Zj, respectively. The Y, and Z; caused by the loads have
minimum effects on the characteristic impedance. Therefore, given the dimensions of W,
P, and gs, it is calculated that {Zp, Zy}={22 2,45 Q} and {50 2,106 Q} for the original
RDMS and MRDMS units, respectively. It is noticed that due to the width reduction,
the MRDMS has larger Z, and Z; compared to those of the RDMS unit. However, the
normalized characteristic impedances Zp/Z, for the two units are similar. Therefore, the
reflection F) can be maintained at the same level with the same L. This explains why

the width reduction of the MRDMS unit does not increase the IL.
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Figure 4.2: Equivalent structure of (a) the original RDMS unit and (b) the MRDMS
unit in the OFF-state, and (c) their transmission line model.

4.2.3 Variation Law

It is found in equations 4.2 and 4.3 that the IL can be seen as a constant in the ON-state,
and a function of Wy, and Ly, in the OFF-state, respectively. The phase shift is also a

function of the slot dimensions and can be expressed by

0 = FZ(WSlOt7 leot)a (44)

since the variable ¢t in equation (4.1) is a linear function of W (W = 2t + go). To
demonstrate the performance of the MRDMS unit shown in Fig. 4.1 relative to the slot

dimensions, parametric studies on Wy, and Ly, are conducted using CST Microwave
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Figure 4.3: Simulated (a) IL and (b) phase shifts of the RDMS unit with different slot
dimensions.

Studio [147].
Fig. 4.3(a) and 4.3(b) gives the simulated IL and phase shift of the MRDMS unit at
5.2 GHz, respectively. It is observed in Fig. 4.3(a) that the MRDMS unit in the ON-state

has a low IL that remains unchanged with different W, and L., which is expected
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from equation (4.2). However, the OFF-state IL increases with the slot dimensions. As
shown in Fig. 4.3(b), there is a significant increase in the phase shift of the MRDMS
unit by increasing Wy, and Ly It is concluded from these results that both the F}
and F, in equations (4.1) and (4.3) are monotonic increasing functions of Wy, and L.
Theoretically, any phase shift value can be obtained using a single MRDMS unit. However,

a higher phase shift is accompanied by a higher IL in the OFF-state.

4.2.4 Fabricated MRDMS Units

To verify the design concept, four MRDMS units have been designed with {W, Lot}
= {1 mm, 1 mm}, {2mm, 2.4mm}, {2mm, 3.3 mm}, and {2 mm, 6.2 mm} to achieve
phase shifts of § = 5°, 15°, 22.5°, and 45°, respectively, at 5.2 GHz. The four MRDMS
units are correspondingly defined as MRDMS;, where i = 1,2, 3 and 4, respectively. Fig.
4.4 presents the photo of the MRDMS units and a microstrip line with the same length
for comparison. It is noted that the microstrip line surrounding the MRDMS unit is only
for connection and its length is immaterial. As a consequence, the effective length of the
MRDMS unit is considered as L, rather than the length of the microstrip line. All the
MRDMS units are fabricated on 50 mm long microstrip lines for ease of measurement and
comparison. It should be pointed out that the MRDMS unit working in the OFF-state
does not need a bias voltage. For the MRDMS unit working in the On-state, a bias voltage
of 0.9 V with the current of 40 mA is required to keep the two PIN diodes “on”.

The simulated and measured IL and phase shifts of the fabricated MRDMS units
are pictured in Figs. 4.5 and 4.6, respectively. The measured IL of the 50 mm long
microstrip line is also presented in Fig. 4.5(a) as a reference. It is observed from Fig.
4.5(a) that the measured loss of a microstrip line L,, ~ 0.5 dB, which is mainly attributed
to the loss on the line (about 0.3 dB) and on the two SMA connectors (about 0.2 dB).

Since all the ON-state MRDMS units have similar low IL as a uniform microstrip line
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Figure 4.4: Photo of the fabricated RDMS units. They are (from left to right) the 50
mm long uniform microstrip line, MRDMS;, MRDMS,, MRDMS3;, and MRDMS, units,

respectively.
(Ly(All-on) = Ly, + Lgr = Ly,), it is concluded that the sum of the diode loss and
radiation loss Ly, < Ly,. As shown in Fig. 4.5(b), the IL in the OFF-state increases with
the slot dimensions and can be very high when a large size slot is employed for a higher
phase shift, which is in accordance with Fig. 4.3. The measured OFF-state IL are 0.5,
0.7, 1.1, and 4.5 dB for the four MRDMS units, respectively. Fig. 4.6 shows that the
fabricated MRDMS units can achieve phase shifts of # = 6°, 15°, 20°, and 47° at 5.2 GHz,
respectively. This validates the fact that various phase shifts can be obtained by varying
Wiior and Lo

The proposed MRDMS unit can serve as a good phase-shifting unit to obtain a phase
shift # < 15°. However, to obtain a higher phase shift § > 15°, the MRDMS unit can
introduce a remarkably high IL in the OFF-state. This can be mitigated by using the
cascaded structure described in the next section.

Compared to the RDMS unit introduced in Chapter 3, the MRDMS is much smaller in
size, has a lower 1L, and can attain to obtaine a comparable phase shift, due to its improved
configuration. Taking the MRDMS, as an example, it has a comparable performance with

a size of only 40.8% of the original RDMS unit, which is illustrated in Table 4.1.
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Figure 4.5: Simulated and measured (a) ON-state and (b) OFF-state IL of the fabricated
MRDMS units.

4.3 Cascaded MRDMS Phase-Shifting Group

In this section, MRDMS groups are produced by cascading several MRDMS units de-
scribed in the previous section. Numerical results show that the phase shift introduced
by the MRDMS group of exactly ¢= n# can be achieved, where 6 and n are the phase shift

of each MRDMS unit and the number of the cascaded units, respectively. Meanwhile, the
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Figure 4.6: Simulated and measured phase shift of the fabricated MRDMS units.

IL is substantially reduced compared to a single MRDMS unit.

4.3.1 Cascading Analysis

To illustrate the change of the IL and phase shift when MRDMS units are cascaded, a
MRDMS group consisting of two MRDMS3 units is proposed as shown in Fig. 4.7. The
two MRDMS units are separated from each other by a distance of d. Two DC voltages
are used to control the two MRDMS units independently. As a result, the MRDMS group
has four working states named “All-on”, “On-off”, “Off-on” and “All-oftf” states when
the two MRDMS units work in the “ON, ON”, “ON, OFF”, “OFF, ON” and “OFF,
OFFE” states, respectively. It is found that the “On-off” and “Off-on” states have almost
the same performance due to their symmetric structures. Therefore, we only present the

9

results of one of them and define it as the “Half-on” state.
The performance (IL and phase shift) of a MRDMS group is not only affected by
the performance of the MRDMS unit employed and the number of the MRDMS units

cascaded, but also the mutual interaction between the two units, which is related to the

distance d. A parameter sweep of d from 1 mm to 4 mm is conducted using CST microwave
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Table 4.1: Comparison between the original RDMS and MRDMS,

Parameter original RDMS | MRDMS,
Phase shift (degree) 17° 15°
IL (dB) 0.8 0.6
Width (W) (mm) 10 3.4
Length (Lgy) (mm) 2 2.4
Area (W X Lgy) (mm?) 20 8.16
Normalized Area 1 0.4
Bias

network

HO O

Ground
via

Figure 4.7: Structure of the cascaded MRDMS units

studio to study the relationships between the mutual interaction and the performance of
the MRDMS group. Larger distance d > 4 mm are not considered since this will increase
the size of the phase shifter too much.

Fig. 4.8(a) and 4.8(b) shows the computed IL and phase shifts of the MRDMS group,
respectively, with different d. As shown in Fig. 4.8(a), the IL in the All-on and Half-on
states are independent of d. This is due to the fact that a MRDMS unit in the All-on

state can be simply seen as a uniform microstrip line. Consequently, one of the employed
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Figure 4.8: Parameter sweep results of the (a) IL and (b) phase shifts of the MRDMS
group.

All-on state MRDMS units in the group can be replaced by a segment of microstrip line,
thus the MRDMS group in the All-on and Half-on states are equivalent to one MRDMS

unit working in the All-on and All-off states, respectively. Therefore, the IL in these two
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states can be expressed by

Ly(All-on) = L, + 2Ly, (4.5)
L,(Half-on) = Ly, + 2L4 + F1 (Wiiot, Lsior), (4.6)

respectively. For the MRDMS group in the All-off state, the insertion loss changes with
d and is always smaller than that in the Half-on state. In other words, compared to
that of a single MRDMS unit, the All-off state IL is reduced when two MRDMS units are
cascaded. This is due to the fact that when the MRDMS units are connected by a segment
of uniform microstrip line, the input impedance of the MRDMS group is changed to be
closer to that of the input/output port (50 €2), resulting in less reflection. Consequently,

the All-off state IL is given as
L, (All-off) = Ly, + 2Lar + F1(Wiiot, Lsior) — Mi(d), (4.7)

where M;(d) > 0 represents the reduction in the IL due to the canceled reflection.

The phase shift of the MRDMS group in the Half-on state shown in Fig. 4.8(b) is
independent of d and is equal to that of a single MRDMS unit in the All-off state shown
in Fig. 4.3(b). This is expected and can be attributed to the same reason that we used to
explain the IL. With the All-on state phase as a reference, the phase shift in the Half-on

state can be expressed as
¢ (Half_on) = FQ(Wslota leot) =0. (48)

In the All-off state, the phase shift of the MRDMS group is doubled since the current path
change is doubled compared to that of a single MRDMS unit. In addition, as observed in
Fig. 4.8(b), the phase shift is also affected by the reflection change. Therefore, the phase

shift can be expressed by

¢ (All-Oﬁ) = 2F2(Wslot> leot) + M2<d), (49)
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where Ms(d) is the phase variation with respect to the reflection change and can be either
positive or negative with different d. For a specific MRDMS group, we can always find a
d to satisfy

| My(d) |= minimum, (4.10)

and

M,(d) >0, (4.11)

thereby the MRDMS group can have an exactly doubled phase shift of ¢ = 20 and a
smaller IL L, (All-off) < L, (All-off) concurrently, compared to those of the employed
MRDMS unit.

As shown in Fig. 4.8(a), it is noted that the IL in the Half-on state is obviously larger
than those in the All-on and All-off states. As a consequence, we choose to bias the two
MRDMS units simultaneously rather than control them separately. This way, only one
bias network is required and the MRDMS group works in two discrete states, the All-on
and All-off states.

Moreover, we could also cascade more than two MRDMS units to produce a MRDMS
group. The equations (4.5), (4.7), and (4.9) presenting the insertion losses and phase shift
of a MRDMS group cascading 2 RDMS units can also be applied to a MRDMS group

cascading n MRDMS units. The expressions of the IL and phase shift can be written as

Lgy(All-on) = Ly, + nLy,, (4.12)
Lg (All-Oﬁ) = Lm —+ TLLdr + F1 (Wslot7 leot) — M1 (n, d), (413)
¢ =nb + Ms(n,d), (4.14)

where Fy (Wi, Lsiot) — Mi(n,d) in (4.13) and Ms(n,d) in (4.14) could be very small with

an optimized d.
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Figure 4.9: Photo of the fabricated 2RDMS;, 2RDMS3, and *RDMS, groups (from left
to right).

4.3.2 Fabricated MRDMS groups

For simplicity, a MRDMS group cascading n MRDMS; units is defined as "MRDMS;
group, where 7 represents the serial number of the MRDMS unit proposed in the previous
section, and n is the quantity of the cascaded MRDMS units. Two MRDMS groups
2MRDMS; and 2MRDMS; are designed with d = 2 mm and 2.8 mm to obtain phase
shifts of ¢ = 26, and 263, respectively, where 6; is the phase shift of the MRDMS; unit.
Also, a MRDMS group *MRDMS, is designed with d = 2.4 mm to achieve a phase shift
of ¢ = 305. The fabricated MRDMS groups are pictured in Fig. 4.9. To bias a MRDMS
group cascading n MRDMS units, the required DC voltage and current are n x 0.9V and
40 mA, respectively.

Figs. 4.10 to 4.12 present the simulated and measured results of the 2MRDMS;,
2MRDMS;3, and *MRDMS, groups, respectively. It is seen that the measured results
agree well with the simulated ones. As shown in the figures, the IL for these MRDMS
groups are all < 1 dB in both of the two states. Regarding the phase shift, the measured
results shown in Figs. 4.10 and 4.11 demonstrate that the 2MRDMS; and 2MRDMS3
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Figure 4.10: Simulated and measured (a) IL and (b) phase shifts of the 2MRDMS;
group.
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Figure 4.11: Simulated and measured (a) IL and (b) phase shifts of the 2MRDMS;
group.

groups can realize phase shifts of ¢ = 12° and 43°, respectively, which are two times of
those realized by the MRDMS; (# = 6°) and MRDMS3 (0 = 20°) units. It is observed
in Fig. 4.12 that the phase shift achieved by the 3MRDMS, group is ¢ = 45°, which is
exactly three times that of the MRDMS, unit 6 = 15°.

It is concluded from the measured results that a "MRDMS; group can achieve a phase
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Figure 4.12: Simulated and measured (a) IL and (b) phase shifts of the 3SMRDMS,
group.

shift of ¢ = n#; with low IL, where 6; is the phase shift of a MRDMS; unit. Compared
to the MRDMS unit, the MRDMS group proves to be a better phase shift unit to obtain
a phase shift ¢ > 15°. For example, to realize a phase shift of 45°, the IL of a MRDMS

unit is 4.5 dB while that of a MRDMS group is < 0.8 dB.

4.4 Stepwise Phase Shifter

4.4.1 Design and measurement

Stepwise phase shifters can be obtained by cascading m MRDMS groups and employing
more bias networks, where m is a positive integer. This way, a total phase shift of m¢
with a step of ¢ can be realized, where ¢ is the phase shift of a MRDMS group. In order
to verify the design scheme, three stepwise phase shifters are designed, fabricated, and
tested. The first one is made by cascading two 2MRDMS3 groups with two bias networks.
The second employs two SMRDMS, groups with two bias networks. Both of these phase

shifters are designed to have a maximum phase shift of 90° with a step of 45°. The third
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Figure 4.13: Photo of the fabricated stepwise phase shifters. They are the 4-, 6-, and
8-MRDMS phase shifters from left to right, respectively.

phase shifter is made by cascading four 2MRDMS3 groups to obtain a phase shift of 180°.
The three phase shifters are named 4-, 6-, and 8-MRDMS phase shifters, respectively.
The photo of the fabricated phase shifters are given in Fig. 4.13.

As shown in Fig. 4.13, the stepwise phase shifters have employed 2 bias pads for the
4- and 6-MRDMS phase shifters and 3 bias pads for the 8- MRDMS phase shifters. The
bias pads are named Pads 1, 2, and 3, from top to bottom. By manipulating the DC
voltages on the bias pads, the stepwise phase shifters are able to work in different states.
The 4- and 6-MRDMS phase shifters have three states while the 8-MRDMS phase shifter
has five states in terms of phase shift they achieve. The working states, bias voltages,
and the ideal phases of the phase shifters are summarized in Table 4.2. The required bias
current is always 40 mA since the MRDMS units are connected in series. It should be
pointed out that not all the bias pads are connected to a DC source for a certain state.
For example, for the All-on state of the 4-MRDMS phase shifter, bias pad 2 is not used
and marked as “——" in the table. In addition, for some states of the phase shifters, there
is more than one bias method to realize the same phase shift with a similar IL. In this

paper, only one way is presented in Table 4.2 for the sake of brevity.

Figs. 4.14 to 4.16 show the simulated and measured IL and phase shift of the 4-, 6-,
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Table 4.2: Bias method of the stepwise phase shifters and their ideal relative phases of
S9p in different states.

Phase shifters | Pad 1 Pad 2 Pad 3 States name | Ideal phase
3.6V —— N/A All-on 0°
4-MRDMS
G 18V N/A Half-on —45°
phase shifter
—— —— N/A All-off —90°
54V —— N/A All-on 0°
6-MRDMS
G 2.7V N/A Half-on —45°
phase shifter
—— —— N/A All-off —90°
72V —— —— All-on 0°
54V —— G 3-on —45°
8-MRDMS
3.6V G —— Half- —90°
phase shifter ol
—— —— 1.8V 1-on —135°
—— —— —— All-off —180°

and 8-MRDMS phase shifters in all the states listed in Table 4.2. It is observed in Fig.
4.14 that phase shifts of 0°, 44°, and 88° are obtained by the 4-MRDMS phase shifter in
the All-on, Half-on, and All-off states, respectively, at 5.2 GHz. The measured IL in all
the three states are < 1.3 dB. The 6-MRDMS phase shifter introduces phase shifts of 0°,
44°, and 87° in the All-on, Half-on, and All-off states, respectively, as shown in Fig. 4.15.
The IL in all the three states are < 1.2 dB. As shown in Fig. 4.16, measured phase shifts
of 0°, 45°, 92°, 138°, and 184° are realized by the 8-MRDMS phase shifter. The IL in all

the 5 states are < 2 dB at 5.2 GHz.
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Figure 4.14: Simulated and measured (a) IL and (b) phase shifts of the 4-MRDMS
phase shifter.
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Figure 4.15: Simulated and measured (a) IL and (b) phase shifts of the 6-MRDMS
phase shifter.

4.4.2 Summarized design scheme of the stepwise phase shifter

Sections II — IV have described a complete design scheme of the stepwise phase shifter
using the proposed MRDMS units. To obtain a stepwise phase shifter with a step size of

¢ and a total phase-shifting range of m¢ (where m is a positive integer), three steps are
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Figure 4.16: Simulated and measured (a) IL and (b) phase shifts of the 8-MRDMS
phase shifter.

required. The first step is to optimize the dimensions of a single MRDMS unit to obtain
a phase shift of § = ¢/n (where n is also a positive integer) at the design frequency. The
second step is to obtain a MRDMS group with a phase shift of ¢ by cascading n MRDMS
units and optimizing the separation distance. The last step is to cascade m MRDMS
groups and control each group separately using additional bias networks.

More specifically, some guidelines are described below to choose the value of n in the
second step depending on the step size ¢.

1) Case 1 (n = 1): To obtain a step size ¢ < 15°, a single MRDMS unit should be
used to realize the step. This is due to the fact that it has the smallest size while the IL
are also small as observed in Fig. 4.5. If using a MRDMS group cascading n MRDMS
units (n > 1) to realize such a phase shift, the reduction in IL would be negligible, while
the size is noticeably increased.

2) Case 2 (n = 2): For the step size 15 < ¢ < 50°, a MRDMS group cascading 2
MRDMS units is the best option, due to the fact that the IL can be fairly high using a

single MRDMS unit to realize such a phase shift. For example, the measured IL of the
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MRDMS, unit is 4.5 dB with a 45° phase shift. Actually, a similar small IL can also be
obtained using MRDMS groups cascading more than 2 MRDMS units, but this would
increase the size.

3) Case 3 (n > 2): To obtain higher step size ¢ > 50°, a MRDMS group cascading n
(n > 2) MRDMS units is required. However, it should be borne in mind that the size of
the MRDMS group increases with n. Therefore, if the size rather than the IL is the main

concern, a smaller n is preferred.

4.4.3 Discussion

The significant improvements to the RDMS phase shifters demonstrated in Chapter 3
show that the MRDMS not only inherents all the advantages of the RDMS, but they
possess other noticeable merits as follows. Firstly, the size of the phase shifter has been
significantly reduced without affecting the phase shift. Compared with the original phase
shifters that can achieve phase shifts of 45° and 90°, the sizes of the new phase shifters in
this paper have been reduced to only 10.6% and 17.5%, respectively, with unchanged phase
shifts. The significant size reduction is due to the smaller size of the proposed MRDMS
unit and the elimination of the impedance matching part. Secondly, the quantity of the
lumped elements employed in the new phase shifters is only half of the number of those
employed in the original models. This can be attributed to the new configuration that
reduces the number of the capacitors used in a MRDMS unit and the quantity of the
MRDMS units in a MRDMS group. Thirdly, the new phase shifters have lower IL. The
loss reduction is result of the smaller quantity of lumped elements and a lower dielectric
loss due to the smaller size. In addition, unlike the original models, the new phase shifters
do not need tapered microstrip lines for impedance matching when connected to a 50-2

microstrip system, which leads to smaller losses.
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4.5 Summary

This chapter introduced the improved MRDMS phase-shifting unit which inherited all
the advantages of the RDMS unit described in Chapter 3, but with significantly reduced
size and cost. Firstly, the structure of the MRDMS unit was introduced and compared
with that of the RDMS unit. Working mechanisms were discussed, which also explained
the fact that the reduced size did not degrade performance. Then, by cascading the
MRDMS units, the MRDMS groups were obtained which are actually controllable slow-
wave structures. Better performance was achieved and an explanation of this achievement
was given. Subsequently, by cascading such RDMS groups, stepwise phase shifters with
different phase-shifting ranges were obtained. Several samples of the MRDMS units,
MRDMS groups, and phase shifters were fabricated and tested. The tested results agreed
well with the simulated results, which validated the design concept. Finally, the complete
design scheme was summarized and can be used as a guidance to design this type of phase

shifter.
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Phased Array Antennas

5.1 Introduction

Phased array antennas can achieve analogue beamforming with high gains and are exten-
sively utilized in satellite communications, radar systems, and other military applications.
However, there are not many consumer applications of phased arrays so far. This is be-
cause they can be quite expensive, due to the need for many microwave phase shifters
and their control signals. In this thesis, a novel type of phase shifter is proposed for
phased array antennas. The phase shifters have a simple structure, low loss, low cost,
simple control method, and are easy to integrate with microstirp systems, which can sig-
nificantly reduce the cost of a phased array. Moreover, the proposed phase shifters are
true time-delay devices, which can help to reduce beam squint in a phased array. In this
Chapter, we firstly use the RDMS phase-shifting unit in the array design and then its
updated version, the MRDMS unit is advocated for its smaller profile.

This chapter demonstrates two examples of the proposed phase shifters’ applications
in phased array antennas. In a primary implementation, a 4-element linear array is

designed. Firstly, the RDMS-based phase shifters are employed in the feed network,

83



84 Chapter 5. Phased Array Antennas

providing required phase shifts for the array to steer its beam to different directions.
Then, the RDMS-based phase shifters are replaced by the MRDMS-based phase shifters,
which significantly reduces the size and cost of the phased array while maintaining the
same performance. Both the phased arrays employing the RDMS- and MRDMS-based
phase shifters are fabricated and tested to validate the practicability of the phase shifters
in arrays.

Another example is a reconfigurable partially reflective surface (PRS) antenna fed by
a two-element phased array. The antenna consists of two main parts, a phased array
antenna as the exciter and a reconfigurable PRS. The RDMS-based phase shifters are
employed in the phased array antenna exciter to steer the beam. The antenna with the
reconfigurable PRS can only steer its beam from —5° to 5° if fed by a patch antenna with
fixed beam. By replacing the sole patch radiator with the 2-element phased array as the
source, the beam steering range can be substantially increased.

This chapter is organized as follows. Section 5.2 presents the work of the 4-element
phased array employing the MRDS-based phase shifters. Then the RDMS-based phase
shifters are replaced by the MRDMS-based phase shifter in Section 5.3, resulting in a more
cost effective phased array. The reconfigurable PRS antenna employing MRDSM-based

phase shifter is proposed in Section 5.4. Finally, Section 5.5 concludes this chapter.

5.2 Phased Array Antenna Employing RDMS

A 4-element patch antenna array was designed for beam steering based on the RDMS
phase shifters described in Chapter 3. The feed network of the phased array consists
of three Wilkinson power dividers [148], two 6-RDMS phase shifters, and four 3-RDMS
phase shifters. The phase shifters in the array allow phase delays or advances to be

introduced between different antenna elements. By controlling the working states of
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the phase shifters to manipulate the phases of the array elements, the beam switching
of the antenna array between different directions can be realized. In this section, the
feed networks are described where 3- and 6-RDMS phase shifters are connected to the
power dividers. Then by connecting these feed networks to 4 patch antennas, a steerable
4-element patch antenna array is formed. Simulated and measured results of the feed

networks and the antenna array are also presented in this section.

5.2.1 Corporate Feed Network

Figs. 5.1(a) and 5.1(b) show the structures of the feed networks consisting of a power
divider with two 3-RDMS phase shifters and two 6-RDMS phase shifters, respectively. In
this paper, to differentiate them, they are identified as the 3-RDMS power divider and the
6-RDMS power divider, respectively. For each power divider, two RDMS phase shifters
that were described in Chapter 3 (3- or 6-RDMS phase shifter) are connected to the two
ports of a Wilkinson power divider. By controlling the DC biasing voltages, the two phase
shifters can work in different states, which results in different phase shifts between Ports
2 and 3. The 3-RDMS power divider has four operating states: All-on, All-off, Left-on-
right-off, and Left-off-right-on states. For the sake of future discussion, these four states
are labelled as States 1, 2, 3, and 4. When the divider network works in these four states,
the phase shifters on the left- and right-hand sides are correspondingly both turned on,
both turned off, left turned on right turned off, and left turned off right turned on. The
6-RDMS power divider has the same states as the 3-RDMS power divider.

The simulated and measured results of the 3- and 6-RDMS power dividers are shown
in Figs. 5.2 and 5.3, respectively. Figs. 5.2(a) and 5.3(a) give the IL of States 1 and 2
for the 3- and 6-RDMS power divider, respectively. Figs. 5.2(b) and 5.3(b) show the IL
of States 3 and 4 for the 3- and 6-RDMS power divider, respectively. The power dividers

have two branches where each branch has an IL. Ideally, the IL of the two branches are
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Port 2 Port 3
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Figure 5.1: The structures of the (a) 3-RDMS power divider and (b) the 6-RDMS power
divider.
the same. In practice, there is usually a difference between the IL in each branch, which
is known as the imbalance of a power divider. For the simulated results of States 1 and
2 shown in Figs. 5.2(a) and 5.3(a), the IL of the two ports are assumed to be balanced
and therefore the simulated IL for only one of the branches are presented. However, in
practice, the measured IL of the two branches are different due to the nonuniform lumped
elements inserted in the branches. In Figs. 5.2(b) and 5.3(b), the simulated IL of State 4
are not plotted here because they are the same as the IL of State 3 due to the symmetrical
structure when working in these two states. Nevertheless, the measured results of State
4 are included because they are different in practice because of the fabrication errors and
nonuniform lumped elements.

According to the measured results, it is found that the IL of all the states are < 2.2
dB and < 1.8 dB for the 3- and the 6-RDMS power dividers, respectively. The predicted

imbalances of the two branches are < 0.1 dB for both two power dividers. The measured
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Figure 5.2: Simulated and measured results of the 3-RDMS power divider (State 1: All-

on state; State 2: All-off state; State 3: Left-on-right-off state; State 4: Left-off-right-on
state). (a) The IL of the two branches for States 1 and 2. (b) The IL of the two branches

for States 3 and 4. (c) The phase shift values between port 2 and port 3 for States 1, 2,
3 and 4.

imbalances are slightly higher than the simulated results but they are still small. Figs.
5.2(c) and 5.3(c) give the phase shifts of the 4 states of the 3- and 6-RDMS power dividers,
respectively. The phase shifts are the relative phase differences between port 2 and port
3, which are calculated from Phases(port 3) — Phases(port 2). Ports 2 and 3 are the

output ports on the left- and right-hand side as shown in Fig. 5.1. The measured phase
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Figure 5.3: Simulated and measured results of the 6-RDMS power divider (State 1: All-

on state; State 2: All-off state; State 3: Left-on-right-off state; State 4: Left-off-right-on
state). (a) The IL of the two branches for States 1 and 2. (b) The IL of the two branches
for States 3 and 4. (c) The phase shift values between port 2 and port 3 for States 1, 2,
3 and 4.

shifts agree well with the simulated results. The 3-RDMS power divider has phase shifts
of 0°, 0°, 42°, and —45° in States 1, 2, 3, and 4, respectively. While for the 6-DMS power
divider, phase shifts of 0°, 0°, 87°, and —91° are realized in the four states.

The above results demonstrate that when combined with a power divider, the phase

shifters still produce the expected phase shifts. The measured IL is higher than expected.
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Figure 5.4: Prototype of the beam steering antenna array employing RDMS.

This is actually attributed to the reflection due to the mismatch of the structure. When
the power divider is connected with the antenna array, the mismatch will be reduced.

Therefore, the feed network will not reduce the antenna gain.

5.2.2 Phased Array Antenna

One 6-RDMS power divider and two 3-RDMS power dividers are combined with four
patch antennas to form a 4-element steerable phased array. The fabricated array is shown
in Fig. 5.4. The array has four working states where all three power dividers employed in
the feed network produce the four working states given by All-on, All-off, Left-on-right-off,
and Left-off-right-on states, respectively. In both the All-on and All-off states, the four
patches are in phase, thereby producing a boresight beam direction in the H plane (Z —Y
plane). In the Left-on-right-off state, all the three power dividers work in the Left-on-

right-off state, leading to regular phase advances of 45° between the adjacent patches. As
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Figure 5.5: (a) Simulated and (b) measured Si; of the beam steering array employing
RDMS in the All-on, All-off, Left-on-right-off, and Left-off-right-on states.
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Figure 5.6: (a) Simulated and (b) measured far-field pattern of the beam steering array
employing RDMS in the All-on, All-off, Left-on-right-off, and Left-off-right-on states.

a result, the main lobe is shifted to # = —15° in the H plane. In the Left-off-right-on state,
all the power dividers work in the Left-off-right-on state which results in regular phase

delays of 45° between the adjacent patches. In this case, the beam is shifted to § = 15°

in the H plane. Since the three power dividers always work in the same state for all the
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array working states, we connect the corresponding biasing pad using conducting wires
at the back of the antenna array to reduce the level of the required DC bias. In practice,
only two independent DC sources V; and V5, (labelled in Fig. 5.4) are employed in the
measurement. The employed bias networks have minor effects on the radiation patterns
since they do not resonant in the working band. But they slightly reduces the antenna
gain by 0.1 dB by comparing the simulation results of the antenna with and without the
bias networks.

The simulated and measured results of the reflection coefficient S7; in the four states
are shown in Figs. 5.5(a) and 5.5(b), respectively. It is seen that the measured overlapped
impedance bandwidth in the four states covers the wireless local area network (WLAN)
5.2 GHz band (e.g. 5.15-5.35 GHz in the USA, 5.15-5.25 GHz in Japan, and 5.15-5.35
GHz in Europe). Figs. 5.6(a) and 5.6(b) give the simulated and measured far-field gain
patterns in the H-plane in all the four states at 5.2 GHz. The radiation patterns and
realized gains of the proposed antenna were measured by using a spherical near-field
(SNF) antenna measurement system NSI-700s-50 located at CSIRO, Marsfield, NSW,
Australia. According to the measured results, the main lobes of the antenna array in the
All-on and All-off states are at 0°. In the Left-on-right-off and Left-off-right-on states,
the main lobe directions in H plane are at —15° and 15°, respectively. It is observed in
Fig. 5.6(b) that the antenna array can switch its main beam direction to 0°, —15°, and
15°, with minor gain reductions. The average realized gain is 10 dBi. In addition, the
measured maximum sidelobe level (SLL) is -7 dB in the Left-off-right-on state. The SLL

in the other three states are all below -10 dB.
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Figure 5.7: Prototype of the phased array employing MRDMS.

5.3 Phased Array Antenna Employing MRDMS

In this section, we use the MRDMS to provide required phase shifts for the 4-element
phased array antenna described in Section 5.2.2, resulting in a significantly reduced profile
and cost. Meanwhile, the revised array employing MRDMS can also switch its main beam
to —15°, 0°, and 15° in its H-plane as the array described in Section 5.2. This is due to
the fact that the same antenna elements are used, and the MRDMS phase shifters are
designed to provide the same phase shifts as the RDMS phase shifters.

In this design, three Wilkinson power dividers are employed to split the power while
eight phase shifters are integrated in the feed network to realize 50° progressive phase
differences between the array elements at 5.2 GHz. Each phase shifter is composed of one
MRDMS phase shifter consisting of two MRDMS units with W,,; = 2mm, Ly, = 3.6mm,
and d = 3 mm. As shown in Fig. 5.7, for the first-level power divider, there are 2 phase
shifters at each of the two branches. For the second-level, there is one phase shifter at each
of the 4 branches. Two bias DC voltages labelled by V; and V5 are employed to control

the phase shifters. The biasing mechanism is the same as the phased array in Section 5.3.



5.3 Phased Array Antenna Employing MRDMS 93

1'8 1r9
e O

Figure 5.8: Photo of the fabricated phased array employing MRDMS.
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Figure 5.9: (a) Simulated and (b) measured reflection coefficient Sy of the phased array
employing MRDMS.

There are four different working states of the phased array. When voltages V; and V5 are
47 7“7 and “— 47, the phased array can work in the “All-on”, “All-off”,
“left-on-right-off” | and “Left-off-right-on” states, respectively. In the All-on and All-off

states, the array elements are in phase so that the beam is not tilted. In the left-on-
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Figure 5.10: (a) Simulated and (b) measured far-field pattern in the H-plane of the
phased array employing MRDMS.

right-off and Left-off-right-on states, phase advances and delays of 50° between the array
elements are obtained, respectively. Therefore, beam tilts of —15° and 15° are realized.
The 4-element phased array antenna is fabricated and tested. Fig. 5.8 shows a picture
of the fabricated antenna array. The simulated and measured reflection coefficient Sy; is
depict in Fig. 5.9. According to the figure, the overlapped impedance bandwidth of the
4 states can cover the wireless local area network (WLAN) 5.2 GHz band (e.g. 5.15-5.35
GHz in the USA, 5.15-5.25 GHz in Japan, and 5.15-5.35 GHz in Europe). Fig. 5.10
shows the simulated and measured co-polarization and cross-polarization patterns in the
H-plane (Z-Y plane) of the antenna. As shown in Fig. 5.10, the phased array can switch
its main beam towards 0°, 0°, —15°, and 15° in the H-plane with minor gain variations for
the All-on, All-off, Left-on-right-off, and Left-off-right-on states, respectively, at 5.2 GHz.
The co-polarization radiation pattern of phased array at 5.1, 5.2, 5.3, and 5.4 GHz are
tested and depicted in Fig. 5.11. The results show that the phased array have a steady
radiation pattern across the 10 dB impedance working band (5.1 — 5.4 GHz). This is

due to the fact that the proposed MRDMS phase shifters provide true time delays, which
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Figure 5.11: Measured H-plane far-field pattern in the (a) All-on, (b) All-off, (c¢) Left-

on-right-off, and (d) Left-off-right-on states. (5.1 GHz ;5.2 GHz — — ——; 5.3 GHz
;5.4 GHz — - —)

reduces the beam squint. The measured average gain of the antenna array is 10 dBi. The
measured maximum SLL is -8 dB in the Left-on-right-off state. All the SLL in the other
states are below -10 dB.

The obtained antenna is designed for WLAN systems in Australia rural areas. In
those areas, residents usually live quite far away from each other. Base station antenna
or optical fibres are too expensive to be used since the number of users is too small to
cover the expenses. In this case, a economic solution is to use high gain directional relay
antenna to transmit the WIFT signal from one house to another. One issue that should be
taken into consideration is that the strong wind can make the antenna shaking, resulting

in mis-alignment and reducing the signal intensity. The proposed phased array based on
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MRDMS units is low cost, high gain, and is able to switch its main beam from —15° to
15°, thereby serving as an excellent candidate for this application.

By comparing the 4-element phased array employing MRDMS (shown in Fig. 5.8)
and the phased array employing RDMS (shown in Fig. 5.4), it is noticed that significant
achievements have been realized by replacing the RDMS by MRDMS in the array design.
Firstly, the size of the array has been reduce by 55%. Secondly, the quantity of the lumped
element has been halved with the more compact MRDMS. Thirdly, the performance of
the phased array employing MRDMS is better than the one employing RDMS, including
the impedance bandwidth and SLL. Therefore, the phase shifters based on MRDMS serve

as a better candidate for phased array applications.

5.4 A Partially Reflective Surface Antenna Fed by a

2-Element Phased Array Employing MRDMS

This section proposes a beam-steering pattern reconfigurable PRS antenna which em-
ploys a new non-uniform reconfigurable PRS structure with a 2-element microstrip patch
phased array as the source. The proposed reconfigurable PRS structure employs 6 x 6
reconfigurable cells and is divided into the left and right parts with respect to the center
of the structure. Each reconfigurable cell is composed of a square patch in which two PIN
diodes are inserted. The reflection phase of the cell element can be varied by switching
the diodes on and off to produce a reflection phase inconsistency between the two parts of
the entire PRS structure, which in turn switches the beam of the PRS antenna. However,
the beam can be only steered from —5° to 5° with respect to the broadside direction. To
increase the tilt range, a phased array is employed as the source for the PRS antenna,
where MRDMS phase shifters are incorporated in the feed network to provide phase shift.

Therefore, a large beam steering angle is achieved with comparable realized gains. The
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Figure 5.12: Schematic model of a conventional PRS antenna

antenna can switch its beam between —15°, 0°, and 15° in an overlapped frequency range
that goes from 5.5 GHz to 5.7 GHz with a realized gain over 12 dBi. Moreover, the
proposed scheme achieves a nearly constant beam-tilt angle across a relatively wide fre-
quency range due to the true time delay of the phase shifter. Furthermore, instead of
using a separate power divider and a reconfigurable matching network as in [149], the pro-
posed antenna employs an integrated aperture-feed network for the phased array source
and does not require an extra impedance matching network, thereby leading to a more

compact structure.

5.4.1 Reconfigurable PRS Structure

The schematic model of a conventional PRS antenna is shown in Fig. 5.12. It is composed
of a source antenna (exciter) embedded between a ground plane and a dielectric super-
strate employed as the PRS. The PRS is placed at a distance L, above the ground plane
with a reflection coefficient I' = R - exp(j¢). The electromagnetic waves radiating from
the source experience multiple reflections and transmissions within the cavity. It is well
known that a center-fed PRS antenna can radiate a broadside pattern when a uniform

PRS is employed. By introducing non-uniformity to the PRS, a progressive phase shift
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Figure 5.13: Oblique view of the PRS antenna with differing patch cells belonging to
the two parts

and therefore a tilted beam can be achieved [150]. Regarding the direction of the beam
tilt, the phased array concept can be utilized to consider each PRS unit cell as an element
of a phased array. It is found that the phase and magnitude of the reflection coefficient
are highly dependent on the patch size. Therefore, in this work, the entire PRS structure
is divided into two equal parts, with individual phases and magnitudes of the reflection
coefficients. By treating each part of the PRS as an element of a phased array, a beam
tilt towards the part whose phase lags behind that of the other can be achieved.

Fig. 5.13 shows the schematic of the PRS antenna fed by a microstrip patch. The
PRS surface is divided into two parts, Parts I and II, where patch cells with different
sizes are employed to achieve beam tilting. In order to electronically change the size of
the patch with a view to steering the beam over a full range (both left and right with
respect to the broadside), here we uses a reconfigurable PRS unit cell rather than two

different patch cells in the PRS antenna. The configuration of the reconfigurable patch
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Figure 5.14: (a) Structure of the reconfigurable PRS cell. (b) Simulated reflection
coefficient of the cell in the On- and Off-states.

cell is shown in Fig. 5.14(a). It is comprised of a 20.5mm x 20.5mm microstrip patch
etched on a 24mm x 24mm x 0.8mm FR4 substrate (¢ = 4.4,0 = 0.0018). A 1mm slot is
inserted in the middle of the patch. PIN diodes [126] are placed at the two sides of the

slot. The performance of the reconfigurable PRS cell has been calculated in a waveguide
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Figure 5.15: Schematic of the reconfigurable PRS structure.

environment by using a periodic boundary condition. Fig. 5.14(b) shows the simulated
reflection magnitude and phases of the reconfigurable patch cell. When the PIN diodes
are switched off, the two halves of the patch disconnect from each other, which results in
a surface with a high reflectivity and a small phase. When the PIN diodes are switched

on, a larger phase value is obtained compared to that of the off-state.
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The schematic of the PRS structure employing the reconfigurable patch cell and its
feed network is shown in Fig. 5.15. The PRS structure is divided into two halves and the
PIN diodes in each part are oriented in opposite directions, though the diodes have the
same orientation in each individual part. In terms of the DC signal, the PRS cells in each
column are connected in series by using very thin (0.15 mm) metallic biasing striplines.
In order to mitigate the effects of these biasing lines on the performance of the PRS, the
striplines are broken down into small sections and the gaps between them are bridged
with surface-mounted RF chock inductors (0402HP, 20 nH). For simplicity, we name such
biasing striplines inductive biasing lines. Subsequently, all the columns are connected
in parallel by using the same inductive biasing lines. Due to the reverse orientation of
the PIN diodes in the two halves of the PRS, only one DC biasing voltage is utilized to
control the diodes. When the voltage V' is positive, the diodes in the left part (Part I) are
switched on while the diodes in the right part (Part II) are switched off, and vice versa.
The simulation results show that the proposed PRS antenna can switch to —5° and 5° in

the Y — Z plane with an gain of 14.3 dBi.

5.4.2 Phased Array Source Employing MRDMS for PRS An-

tenna

In order to increase the tilt range of the PRS antenna described in the previous section, a
phased array antenna is employed as the source (exciter). To obtain phase shifts between
the array elements, MRDMS phase shifters are incorporated in the feed network as shown
in Fig. 5.16. The feed network is comprised of two phase shifters etched on each branch
of a Wilkinson power divider. Each phase shifter consists of three identical MRDMS units
described in Chapter 4, as shown in the inset of Fig. 5.16. Each unit has a slot size of
Lot X Wyo = 3.5 mm x 2.0 mm which are separated from each other by a distance of

4.2 mm. For this design, the Off-state generates a 30° phase delay with respect to the
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Figure 5.16: Structure of the feed network employing MRDMS.

On-state for a single unit. By cascading three MRDMS units, a 90° phase shift can be
obtained. If the PIN diodes on both branches of the power divider are “All-on”, no phase
shift is acquired and this state is referred to “S1” in this work. When the diodes on the
left branch are switched on and those of the right branch are switched off, the right branch
can achieve a 90° phase delay with respect to the left branch. This state is named “S2”
and results in a tilted beam towards the right side (—y direction). On the other hand, the
diodes on the network with a state of left-off-right-on (named as “S3”) leads to a beam
that titled towards the left side (4y direction).

The feed network employing MRDMS phase shifters are designed on 80mm x 80mm x

1.524 mm Rogers4003 substrate, and its simulation results are given in Fig. 5.17. For
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Figure 5.17: Simulated reflection coefficient S7; and the phase shift feed network.

brevity, we only studied the magnitude of the input reflection coefficient for Port1 and the
phase difference between Port2 and Port3. It is observed that the return loss is below -10
dB for all the three states across the frequency band ranging from 5.3 GHz to 5.7 GHz.
Furthermore, the phase difference ®53 values for the three states (S1, S2 and S3) remain
at approximately 0°, 90°, and —90° respectively in this frequency band.

Based on the above results, an entire two-element microstrip phased array system is
designed as the source (exciter) for the PRS antenna. The schematics of the phased array
PRS antenna are shown in Fig. 5.18. The dimensions of the antenna are 150mm x 150mm.
The phased array source is a two-layer structure. For the first layer, two square patches,
each with a size of 13.2 mm, are placed at one side of a 1.524-mm-thick Rogers4003
substrate and aligned symmetrically along the y direction; hence the beam-scanning would
only be realized in the H-plane. The spacing between the patches is chosen to be 43 mm
(0.8)\g) at 5.5 GHz, to achieve a compromise between the array coupling and the grating

lobes. On the other side of the substrate, two slots with a dimension of 7mm x 1.5mm for
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Figure 5.18: (a) Top view and (b) side view of the Phased array fed PRS antenna.

Table 5.1: Simulated Beam-Scanning Capability of The Phased Array Source

Beam Direction (degree) Max Gain (dBi)
Fr (GHz)
S1 state | S2 state | S3 state | S1 state | S2 state | S3 state
5.3 0 -10 10 12.6 10 10
5.5 0 -10 10 13 11.5 11.5
5.7 0 -9 9 9 9.2 9.2

an aperture coupling are etched on the ground at the position of the patch center. For the

second layer, the feed network is printed on one side of another 1.524-mm-thick Rogers4003

substrate and the metal of the other side of this substrate is etched off. By following the

conventional design rules of the traditional single superstrate PRS antenna [151], a 6.5-

mm-thick FR4 substrate (\,/4 at 5.5 GHz) is used as the PRS structure. It is located 27

mm (0.5)) from the patch antenna array.
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Figure 5.19: Simulated reflection coefficients of the phased array fed PRS antenna.

Simulated results for the reflection coefficients and the radiation patterns are shown
in Fig. 5.19 and Table 5.1, respectively. It can be seen from Fig. 5.19 that the overlapped
impedance bandwidth for the three states ranges from 5.3 GHz to 5.63 GHz. As listed in
Table 5.1, the PRS antenna can steer its beam towards 0°, —10°, and 10° in the H-plane
for the S1, S2 and S3 states, respectively, in the frequency range of 5.3 GHz to 5.7 GHz.
The realized gains at the three frequency points are also given in Table 5.1. For the
broadside beam, the realized gains are 12.6 dBi, 13 dBi and 9 dBi at 5.3 GHz, 5.5 GHz
and 5.7 GHz, respectively. For the beam-scanning states, the realized gains are 10 dBi,

11.5 dBi and 9.2 dBi at 5.3 GHz, 5.5 GHz and 5.7 GHz, respectively.

5.4.3 Measurement Results

Based on the analysis and results obtained in Section 5.4.1 and Section 5.4.2, a PRS
antenna with a reconfigurable PRS structure and a phased array source has been designed,

fabricated, and measured. The reconfigurable PRS structure is the same as that shown
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Figure 5.20: Prototype of the proposed antenna.

in Fig. 5.15, which consists of 6 x 6 reconfigurable cells, with dimensions of 20.5 mm X
20.5 mm, printed on the lower side of a 0.8-mm-thick FR4 substrate. The structure of
the phased array source and its feed network are the same as that shown in Fig. 5.18.
However, the size of the array elements is changed to 12.2 mm after optimization. In this
design, ¢ = —145.5° for an Off-state is chosen as an initial value (shown in Fig. 5.14(b))
to calculate L,. After optimization, L, is set to be 30 mm. A photograph of the PRS
antenna prototype is shown in Fig. 5.20. Nylon spacers and M3 nylon bolts are used to
support the PRS material above the ground plane. Visible at the back of the antenna is a
low-loss bias tee, used to supply the biasing currents to the reconfigurable PRS unit cells
in the measurement.

As discussed in Section 5.4.1, the reconfigurable PRS structure has three states cor-
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responding to three radiation patterns at 5.5 GHz. Similarly, the phased array source
also has three states, as discussed in Section 5.4.2; hence, there are nine states altogether.
The simulated beam directions and their corresponding diode states are shown in Table
IV for the nine states. As can be seen from the table, the beam can be primarily steered
to three directions, namely 5° , 10°, and 15° . For the cases of 5° and 10°, they have
already been discussed in Sections 5.4.1 and 5.4.2, respectively. The focus of this paper
is to have a wider steering range for the reconfigurable PRS antenna. Therefore, in this
section, only the states of 15° beam steering angle are measured and compared with the

simulated results.

Table 5.2: Working States of the Obtained PRS Antenna

PRS state | Array state
State Beam Direction | Gain (dBi)
Left | Right | Left | Right
1 off off on on 0° 16.3
2 on off on off —15° 11.7
3 off on off on 15° 11.7
4 on off on on —4° 14.2
5t off on on on 4° 14.2
6 off off on off -9° 14.4
7 off off off on 9° 14.4
8 off on on off —6° 12.7
9 on off off on 6° 12.7

Fig. 5.21 plots the simulated and measured input reflection coefficients for the three
states. The measured results show that an overlapped impedance bandwidth from 5.5
GHz to 5.74 GHz is achieved and that they agree well with the simulated results. The

radiation patterns in the H-plane (Y — Z plane) for the three states are shown in Fig.
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Figure 5.21: Input reflection coefficient of the proposed antenna in (a) State 1, (b) State
2, and (c) State 3.

5.22. The simulated and measured results are seen to be in agreement with each other.
It is observed that a broadside radiation is obtained at State 1. For State 2 and State 3,
the beam directions are tilted towards —15° and 15° from the broadside, respectively, in
a frequency band that ranges from 5.3 GHz to 5.7 GHz.

The realized gain is measured by using the gain comparison technique and the results
are also given in Fig. 5.22. For State 1, the simulated realized gain is from 11.4 dBi to

16.2 dBi for a frequency range from 5.3 GHz to 5.7 GHz; while the measured one is from
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Figure 5.22: Simulated and measured far-field pattern of the proposed antenna at (a)
5.3 GHz, (b) 5.5 GHz, and (c) 5.7 GHz.

12.6 dBi to 15.5 dBi. For States 2 and 3, the simulated result is from 11.4 dBi to 12
dBi; while the measured gain varies from 10.2 dBi to 12.7 dBi. The difference between
the simulated and measured results is less than 1.6 dB for the three states and can be
attributed to the measurement errors and the inaccuracies in the fabrication process, such
as alignment errors and the potential air gap between the two layers of the patch antenna

array. In addition, it is observed that the measured realized gains for States 2 and 3 are
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Figure 5.23: Measured reflection coefficients of the phased array fed PRS antenna.

almost the same, though small differences can be found at some certain frequencies. This
is due to the variations in the characteristics of the PIN diodes employed in the phase
shift network and the two halves of the PRS structure. The measured cross-polarization
radiation patterns of H plane are shown in Fig. 5.23. It is seen that for all the operating
states, the level of the cross-polarization is below -15 dB at the three frequency points.
The E-plane (x-z plane) patterns and their corresponding cross-polarizations have been
investigated by simulation. It is found that for State 1, the maximum realized gain is the
same as that in the H-plane. While for State 2 and 3, the maximum gains are lower than
those in the H-plane due to the beam tilting. Those patterns are omitted here for the
sake of brevity.

From Section 5.4.1 to Section 5.4.3, it is seen that by using a reconfigurable PRS
structure, a beam tilt of £5° can be realized with a gain around 12 dBi. The PRS antenna
fed by a 2-element phased array antenna source employing MRDMS phase shifters can

achieve a beam tilt of £10° with a gain of 10 dBi. The beam steering angle can then be
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increased further to +15° by employing a combined reconfiguration mechanism without
compromising the antenna gain. Therefore, more flexibility can be realized in terms of the
beam tilt angle and the antenna gain by using the proposed reconfigurable PRS antenna.
Moreover, due to the true time delay characteristic of the MRDMS phase shifters, it can
be seen from Fig. 5.22 that the proposed antenna can realize nearly consistent beam
steering angles from 5.3 to 5.7 GHz; however, the reflection coefficient is above -10 dB
for f < 5.5 GHz. To address this problem, an impedance matching network can be used
to further increase the impedance bandwidth, and we plan to examine this issue in our

future work.

5.5 Summary

In this Section, the proposed phase shifters described in the previous two sections were
used in phased arrays. Two phased arrays that have the same radiating elements but
different feed networks constructed by the RDMS- and MRDMS-based phase shifters were
designed, fabricated, and tested. Both the phased arrays can switch their main beams
to —15°, 0°, and15° in the H-plane with an average gain of 10 dBi. The phased arrays
can work in the WLAN 5.2 GHz band with a steady beam pattern due to the true time-
delays provided by the phase shifters. The tested results prove that the proposed RMDS-
and MRDMS-based phase shifters can work properly in phased arrays, offering a simple
low-cost solution to provide phase shift. In addition, the proposed phase shifters have a
simple structure, easy control method, and are easily integrated into microstrip systems,
which makes them cost effective candidates to be used in phased arrays. Moreover, by
comparing the phased array that employs RDMS-based phase shifters with the one that
employs MRDMS-based phase shifters, we noted that significant reductions in cost and

size of the phased array have been achieved whilst maintaining comparable performance.
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This indicates that the MRDMS-based phase shifter provides a better solution due to
its smaller size. It also validates the fact that improvements in phase shifters lead to
remarkable positive effects on phased arrays.

Not only in phased arrays, the proposed phase shifters could also be used in other
antenna designs to introduce reconfigurability. In the work presented in Section 5.4, the
MRDMS-based phase shifters were used to feed a 2-element phased array, and the phased
array was used as a source to feed a PRS antenna. With the reconfigurable PRS structure,
the PRS antenna fed by a fixed patch radiator can steer its beam, however the steering
range is quite small from —5° to 5°. The fixed patch radiator was then replaced by the
2-element phased array to introduce more reconfigurability, realizing a widened steering
angle from —15° to 15°. The two examples of the antenna employing MRDMS-based
phase shifters show that the proposed phase shifter can serve as a good candidate in
microstrip phased arrays due to its low cost, low profile, simple structure, simple control

method, and design flexibility.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, a novel type of low-cost phase shifter was proposed and then improved for
phased array antennas. Phase shifters are key devices and are responsible for the high cost
of phased arrays. Therefore, reducing the cost and size of phase shifters as well as their
control circuits is of significance. In this work, firstly, we studied some basics of phased
array antennas and reviewed different types of available phase shifters, to get a clear
understanding of the requirements of phase shifters to be used in phased arrays. Then,
a reconfigurable defected microstrip structure (RDMS) phase-shifting unit was proposed
and used to design controllable stepwise phase shifters. Subsequently, an updated phase-
shifting unit called modified RDMS (MRDMS) was advocated for its smaller profile,
lower cost, and superior performance. Insights of the progress have been studied and a
complete design scheme of the MRDMS-based phase shifters was concluded. After that,
the obtained phase shifters were used to feed a 4-element phased array to validate their
practicability in phased array antennas. Moreover, we have also employed the phase

shifters in other antenna applications. A phased array fed partially reflective surface

113
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(PRS) antenna was proposed and the phase shifters were used to provide phase shifts for
the phased array source. More detailed conclusions are summarized as below.

The proposed RDMS and MRDMS phase shifters are all based on microstrip lines.
The phase-shifting unit is made by etching a rectangle slot on a segment of microstrip
line, and loading the slot with PIN diodes and capacitors. By switching the PIN diodes
between the On- and Off-states, a phase shift is introduced. The RDMS and MRDMS
phase-shifting units are actually switched-line phase shifters. When the units work in the
On- and Off-states, the current paths have changed. This type of phase shifters provides
true time delay, which is preferred in phased arrays for it can suppress beam squint. The
capability of the RDMS and MRDMS units to provide phase shifts is mainly determined
by two dimensions: the width and length of the slot (W, Lsor). Generally, the value of
a phase shift introduced by a RDMS or MRDMS unit increases with the slot dimensions
Waor and Lg.. However, the improvement comes with a sacrifice of the IL, since a larger
slot leads to more reflection.

Subsequently, we cascaded several RDMS or MRDMS units separated from each other
by a uniform space d to pursue increased phase shift. These cascaded structures are called
RDMS or MRDMS groups. The simulation and experimental analysis of the groups lead
to the following conclusions. Firstly, the phase shift value around n¢ can be obtained
by cascading n units with each unit providing a phase shift of ¢. Secondly, the IL of
the RDMS or MRDMS group is smaller than that of the single RDMS or MRDMS unit
employed in the group. Thirdly, the separation distance d is the key parameter that
significantly affects the IL and has a moderate effect on the phase shift value. These
characteristics are beneficial and are attributed to the fact that the group employing
several RDMS or MRDMS units is a slow-wave structure. The equivalent circuit of a
group cascading several RDMS or MRDMS units is a transmission line with periodically

loaded L/C circuits. By controlling the working states of the PIN diodes, the propagation
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constant 3 and phase velocity V), can be changed, thus resulting in different time delays for
the signals to pass through the circuit. A slow wave circuit (RDMS and MRDMS group)
introduces less reflection than the abrupt discontinuity (RDMS and MRDMS unit).

The RDMS and MRDMS groups were then used in phase shifter designs. Stepwise
phase shifters were realized by using a single group or cascading more groups and con-
trolling them separately using biasing pads with L/C low-pass filters. A complete design
procedure and some design considerations were summarized in Section 4.4.2 and validated
by experiments. Several samples were fabricated and tested. The tested results agreed
well with the simulated results. Different phase shifters that have phase-shifting ranges
from 10° to 180° with various step sizes of 5°, 22.5°, and 45° were obtained.

Finally, the proposed phase shifters were used in phased array antennas. Feed networks
were constructed by connecting Wilkinson power dividers with the RDMS and MRDMS
phase shifters respectively. The RDMS- and MRDMS-based feed networks were employed
to feed a linear patch array. Both the resultant phased arrays can switch their beam to
—15°, 0°, and 15°, with an average gain of 10 dBi. However, the size and cost of a
phased array employing the MRDMS phase shifters is only half of that of a phased array
employing the RDMS phase shifters. The updated version of the phase shifter reduces
the cost and size dramatically. Compared to other comparable phase shifters based on
defected ground structure, the proposed phase shifter has the advantages of being low
cost, low profile, easy to control, simple to fabricate, and easy to integrate into microstrip
systems.

Moreover, the proposed phase shifters were also used in other applications other than
traditional phased arrays. A reconfigurable PRS antenna employing a phased array ex-
citation was proposed to achieve steerable beams with high gain. MRDMS-based phase
shifters were specifically designed to provide phase shifts for the phased array excitation.

The obtained antenna can switch its beam to nine directions (summarized in Table 5.2)
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with the gain above 11.7 dBi. This work further validated the practicality of the proposed
MRDMS-based phase shifters in antennas.

On one hand, the proposed MRDMS phase shifters have several advantages, including
the low cost, low loss, compact size, easy to fabricate and integrated with microstrip
systems. On the other hand, they also have a drawback of low power handling ability.
The low power handling capability is attributed to the employed PIN diode and slotted
structure. However, it can be improved by replacing the current employed diodes with

new types of diodes that have high power handling capability [152].

6.2 Future Work

The phase shifters presented in this dissertation have some possible extensions. Future
work will focus on further improving the proposed phase shifters and using them in various
antenna applications.

One possible extension of the phase shifter is to further reduce its size and cost. Section
4.2.2 gives the explanation of the fact that the reduced width of the phase-shifting unit
does not degrade performance. The comparisons between the RDMS- and MRDMS-
based phase shifters presented in Section 4.4.3 show that the size of the phase shifter was
reduced by more than 80%. Moreover, the number of the lumped elements in this phase
shifters was halved, resulting in lower cost. The achieved size reduction is prominent,
but further reductions can be expected. For example, if we chose a narrower metal stub
g2 without changing any other parameters of a MRDMS unit shown in Fig. 4.1(b), the
phase-shifting value could be increased. In other words, the length of the phase shifter
required to provide a specific phase-shifting value can be reduced. This might lead to a
higher IL, but it can be compensated by optimizing the matching circuit. In addition,

our current design ultilizes two PIN diodes in a MRDMS unit. In the future, we could
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use only one PIN diode to reconfigure the phase-shifting unit. The principle of this work
is to seek a simple, low cost solution to provide phase shift.

Another extension is to enhance the power handling capability of the proposed phase
shifters. In current designs, the employed PIN diodes limited the power handling ability
of the phase shifters. To address this problem, the employed PIN diodes can be replaced
by high power diodes introduced in [].

Future work will also concentrate on the applications of the phase shifters’ in phased
arrays. Large-scale phased arrays will be built using the proposed phase shifters. An
attention will be focused on the performance and cost of the phased array rather than
the phase shifters. Specifically, in future work, the bias network used to control a great
number of the phase shifters advocated in this thesis will be designed, and the phase
shifters allocated in the feed network will be optimized separately to achieve the best
matching.

Moreover, the MRDMS-based phase shifter can be used in reconfigurable antennas.
Since the proposed phase shifters are based on microstrip lines, which are low cost and easy
to realize, many antenna systems and microwave circuits employing microstrip lines can
utilize the MRDMS phase-shifting units to introduce some reconfigurability. Controllable
phase shifts provided by the MRDMS units can help antennas to achieve reconfigurable

radiation patterns, polarizations, or frequency bands.
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Symbols

> 5 > Y R > m

W

Array factor

Wavenumber

Wavelength

Separation distance between array elements
Dielectric constant

Loss tangent

Directivity

Variance of the beam pointing deviation
Wave amplitude

Propagation constant

Radian frequency

Characteristic impedance

Phase shift value

Gyromagnetic constant

Permeability

Magnetic moment
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Vv Volt
Q Ohm



Appendix B

Abbreviations

ABF
BEFN
dB
DBF
DC
DGS
DMS
IF
LTCC
MRDMS
MEMS
PDMS
PRS
RDMS
RF
SINR

Analog Beamforming

Beamforming Network

Decibels

Analog Beamforming

Direct Current

Defected Ground Structure

Defected Microstrip Structure

Intermediate Frequency

Low-Temperature Co-fired Ceramic

Modified Reconfigurable Defected Microstrip Structure
Micro-electronic-mechanical System
Polydimethylsiloxane

Partially Reflective Surface

Reconfigurable Defected Microstrip Structure
Radio Frequency

Signal to Interference Noise Ratio
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SLL Sidelobe Level

TRS Transmission and Receiving Module
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