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Abstract

In order to have increased bandwidth, future wireless communications systems will
use millimeter-wave frequencies. Such systems will require antennas with relatively
high gain and sources with sufficient power. Reflectarrays using printed circuit
technology represent an attractive option for such antennas, because they are low-cost,
high-gain, low-profile antennas. However, at millimeter-wave frequencies solid-state
devices have limited power-handling capabilities and traditional multi-stage circuit-power
combiners are inefficient. Spatial power combining provides an attractive alternative
to these issues. This thesis develops a means of combining the antenna and spatial
power-combining functions in a single device. We formulate a design procedure
that allows multiple feeds to illuminate a reflectarray that will give a single-beam.
The reflectarray acts both as a spatial-power combiner and as the antenna. Unlike
previous work that has been done on spatial power-combining reflectarrays, the
proposed design does not involve the integration of any active devices. The new
design procedure for a multi-feed spatial power-combining reflectarray was first
applied to a two-feed reflectarray which was fabricated and tested as a proof of
concept. This design showed that the reflectarray combined the power of the two
feeds into a single-beam. Finally the design procedure was then applied to a four-feed
reflectarray, which was fabricated and whose performance was analyzed. The four-feed
reflectarray was found to have a combining efficiency of 87.3%; existing configurations
of spatial power combiners have combining efficiencies ranging from 70-90%. The
aperture efficiency was 36.82% at 30Ghz, which is consistent with existing reflectarray

antennas having aperture efficiencies ranging from 25-50%.
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Chapter 1

INTRODUCTION

1.1 Introductory Remarks

The reflectarray, often called a flat reflector,works much like a traditional reflector
antenna. The traditional reflector works by making use of its geometry to, in the
transmit mode, convert the wave transmitted by a feed with a spherical phase
front into a wave with a planar phase front at the reflector aperture. From the
receive-mode viewpoint the reflector works in the opposite manner. It converts a
wave that is incident, with a planar phase front, into a wave with a spherical phase
front, and hence focuses the energy to the geometrical focal point of the reflector.

This concept is demonstrated schematically in Figure 1.1. The reflectarray works in
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Figure 1.1: Traditional Reflector Geometry

much the same way. The reflectarray is made up of an array of elements, each of

the elements designed in such a way as to correct the phase of the incident wave,



be it in transmit-mode or in the receive-mode, as is done in the traditional reflector.
The concept of reflectarray antennas dates back to 1963 [1], where the elements
of the reflectarray were made up of different lengths of terminated rectangular
waveguides. By changing the lengths at which point the waveguides were terminated
it was possible to control the phase of the reflected wave, and by proper design,
the phase transformation would replicate the operation of a traditional reflector.
This type of reflectarray was very bulky and the technology was apparently not
pursued. However, with the rapid development of microstrip technology in the early
80’s, and the need for high gain, low cost antennas, the microstrip reflectarray was
conceived [2]. The microstrip reflectarray is made up of an array of microstrip patches
on a grounded dielectric substrate, each element of the reflectarray being designed in
such a way as to provide the proper phase correction upon reflection to achieve the
same wave transformation as in traditional reflectors. Throughout this work when
we make reference to reflectarrays we will assume that we are refereing to microstrip

reflectarrays.

1.2 Thesis Overview

Future wireless communications (terrestrial or satellite) will likely provide increased
bandwidth. This can be achieved by operating at millimeter-wave frequencies (in
order to achieve the increased bandwidth) and ensuring sufficient signal-to-noise
ratio at the receiver. The reason we have increased bandwidth as we go to higher
millimeter-wave frequencies is that as we go higher in frequency the bandwidth
achieved increases for the same fractional bandwidth. For example a fractional
bandwidth of 5% at 10GHz represents a bandwidth of 500MHz, while the same
fractional bandwidth at 1GHz translates to a bandwidth of only 50MHz. This can

be seen in Figure 1.2. To ensure sufficient signal-to-noise ratio at the receiver one
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Figure 1.2: Bandwidth versus Frequency

requires antennas of sufficiently high gain and transmitters with sufficient power. At
the same time, for such commercial applications, the cost of the antenna and the
source of RF power need to be reasonably inexpensive, lest they adversely affect the
total cost of the complete terminal. Reflectarray antennas offer a viable alternative
to conventional reflectors in such instances since they can exploit printed technology
and yet do not suffer from the same feed network losses observed in conventional
microstrip antenna arrays. Furthermore, solid state sources are a must because of
their smaller size, lower weight, increased reliability and lower cost of production,
when compared to vacuum devices. However, the output power of solid state devices
at millimeter-wave frequencies is limited, and some sort of combining of the output
from several such devices is necessary. Power combining using circuit-type power
combiners reaches a point of diminishing returns at millimeter-wave frequencies
since the combiner losses become excessive and hence the combining efficiency is

low. Spatial power combining has been under development as an alternative, and



can indeed be a very eflicient method at millimeter-wave frequencies. Unfortunately
this can add significant cost to a commercial terminal. One way around this dilemma,
would be the use of the reflectarray antenna itself, illuminated by several feeds (each
with its own solid state source, and all sources operated coherently), to achieve the

power combining action. This possibility is investigated in the present thesis.

Chapter 2 provides a brief overview of existing spatial power combining methods. It
also gives a fairly complete summary of all the various reflectarray configurations that
have been described in the literature, in so doing also providing a useful bibliography
<;f work on reflectarrays. A procedure for designing existing forms of the reflectarray
is also explained in this chapter. This procedure will also be used in later chapters
(with the necessary added generalizations) to design the new types of reflectarray

developed in this thesis.

This thesis will consider reflectarray antennas which have several feeds but a single
main lobe (this is the power combining action), and the design procedure for such
cases is considered in detail in Chapter 4. It was expected that new ways of
interpreting the operation of reflectarrays would be needed during the research on
such unconventional multi-feed single-beam types. Therefore, as preparation for the
work in Chapters 4, electromagnetic modeling of reflectarray operation in the receive
mode, which does not appear to have been done before, forms the subject of Chapter
3. This provides increased understanding of the reflectarray operation. Chapter
3 considers the receive mode operation of a conventional single-feed single-beam
reflectarray (designed using the procedure from Section 2.5) and experimental validation
is given. Although not the major contribution of this thesis such results are not
available elsewhere. Use of the receive mode analysis for the multi-feed case is used

in Chapter 4 as a means of validating the generalization of the design procedure to



the multi-feed case developed in that chapter.

The principal contributions of this thesis are described in Chapter 4. The mathematical
analysis that allows the design procedure of Chapter 2 to be applied to multi-feed
single-beam reflectarray antennas is first described. A complete description of the
implementation of the procedure to the two-feed case is then described and experimentally
validated. This is immediately followed by a description of the design, implementation,
predicted performance, and measured performance of a four-feed single-beam reflectarray

antenna/power combiner.

Finally, some general conclusions are reached in Chapter 5, and the research reported

herein put into perspective.



Chapter 2

A REVIEW OF
REFLECTARRAYS AND
SPATIAL POWER
COMBINING

2.1 Preliminaries

In this chapter we will first look at existing spatial power combining methods, which
is presented in Section 2.2. In Section 2.3 a thorough review of all the reflectarray
configurations will be given. Section 2.4 will deal with work that has been done on
reflectarrays which perform spatial power combining (albeit in a manner different to
that developed in this thesis). Finally in Section 2.5 we will look at a general design
procedure for a single-feed, single-beam, reflectarray with rectangular patches of

varying size.

2.2 Review of Spatial Power Combining
Methodologies

As the demand for high frequency, high power antennas increases, there is an increasing
need for semiconductor solid-state devices that operate in these millimeter-wave

regions. At these high frequencies such solid-state semiconductor devices have limited



power-handling capacities. Figure 2.1 shows the power-handling capacities of several

devices that operate in the millimeter-wave region. In Figure 2.1 the shaded area
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Figure 2.1: Power-Handling Capacities of Millimeter-Wave Devices (After [3])

corresponds to the current and future applications requirements for commercial and
military systems [3]. We can also see that vacuum devices would be the most
likely choice for application in this frequency range. However, solid-state devices are
preferred for their size, weight, reliability and the lower cost of production. We can
therefore see the problem of having a single high powered device at millimeter-wave
frequencies. An alternative to using a single high powered device is to use several
devices and a power-combining circuit. To date, this type of circuit based power
combining has been the easiest and the most popular way of combining the power
from several devices. In Figure 2.2 we see a schematic diagram of a corporate power
combiner which is commonly used in planar circuits and in feeds for arrays. Ideally
this type of corporate power combining could be used to combine any number of
sources to achieve the desired power capabilities at millimeter-wave frequencies.

However, there is a problem with this type of combining circuit, namely that there

7
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are losses present in the transmission lines that make up the combining circuit
itself. After adding a certain number of sources one reaches the point of diminishing
returns; in other words the increase in power that you get by adding a device at
a certain point is less than the losses of the additional transmission lines required
to do so. Figure 2.3 demonstrates this point graphically. Spatial or quasi-optical
power combining is a viable alternative to circuit based power combiners. These
spatial power combining techniques have been explored for some time [3-6]. The
interest in spatial power combining is based on the fact that the losses in free-space
are much lower than in planar circuits or waveguide. Figure 2.4 shows a comparison
between the propagation losses of several transmission-line structures and the losses
in free-space. We can clearly see from Figure 2.4 the advantages of combining power
in free-space; the losses are significantly lower than any traditional transmission-line
structure. Figure 2.5 shows three configurations for spatial power combining [4]. In
these schemes the power from the feed horn is distributed spatially (due to spreading)

to each of the smaller receive antennas of the quasi-optical (or spatial) amplifier. The
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received signal at each of the antenna elements of the array is amplified by its own

amplifier circuit and then immediately re-radiated. The ”re-radiating array” fields



Quasi-Optical Aniplifier Planar Lens Array

(8) ®)

Figure 2.5: (a) Lens-focused quasi-optical system: The focusing will cause a
nonuniform power distribution at the plane of the amplifier. (b) Planar lens amplifier:
The amplifier works as a planar Rotman lens, with transmission-line delays providing
the proper phase shift. (c) Quasi-optical amplifier in a waveguide fixture. (After [4])

are caused to converge on the collecting horn either by appropriate phasing of the
re-radiating array elements (i.e. Figure 2.5(b)), or by using some other form of

focusing device (i.e. Figure 2.5(a) and (c)).

2.3 Review of Reflectarray Antennas

2.3.1 Introductory Remarks

As is the case with antennas generally, there are many ways in which reflectarrays
could be classified. We noted in Section 1.1 that reflectarrays consist of conducting
patches printed on dielectric substrates that are backed by a conducting groundplane,
the whole structure being illuminated by a primary radiator. Thus reflectarrays could

be classified in terms of their configuration:

o Conducting Patch Shape - Different patch shapes may be used for specific

10



performance-related reasons.

o Number of Substrate Layers - There may be a single dielectric layer or several

such layers (usually for bandwidth related reasons).

o Feed Type - Although the majority of reflectarrays reported in the literature use
a horn antenna feed, other less conventional possibilities have been described

(i.e. for reasons of compactness).

e Feed Position - As in the case of conventional reflector antennas, some reflectarrays

use on-axis feeds while others use‘offset feeds.

However, reflectarrays could also be classified according to the radiation pattern

requirements which they have been designed to satisfy:

e Beam Shape - While most reflectarrays discussed in the literature have been
required to provide pencil beams, successful designs have been reported that

yield shaped beams.

e Polarisation - In certain instances patch shapes have been selected so that the

resulting reflectarray is capable of supporting dual polarisation.

e Banduwidth of Operation - The conducting patches required to provide the
correct phase shift on reflection will usually only do so over a restricted frequency
range. However, it has been shown by some authors that multiple band

reflectarrays are possible.

In Section 2.3.2 that follows, we will group some of the more than one hundred
references that were reviewed according to their configuration. In Section 2.3.3 we
will group the reflectarray references according to the pattern performance characteristics
described, those which provide details on analysis or synthesis techniques which have

been applied to such antennas, those which contain parametric studies, and those

11



which have been designed as active antennas. We will also separately highlight work
that has been done on issues not covered under the above-mentioned headings. Since
the classifications overlap we will purposefully mention certain of the references more

than once.

2.3.2 Review of Reflectarray Antennas According to
Configuration

A. Conducting Patch Shape

Although the 1987 patent by Munson et al. [2] is often quoted as the first reference
to reflectarrrays that use printed patches, it is clear from the references in the
earlier 1977 paper by Montgommery [7] that others had already utilized the idea,
albeit adopting the more complicated approach of integrating diodes with each
circular patch to obtain the required phase shift. The use of rectangular patches
all of the same size, with stubs of varying length providing the different reflection
phase required of each patch, has been reported by Huang et al. [8,9], and in [10].
In [8] each patch has a single stub, and is used for linear polarisation operation.
In [9] the rectangular patches are rotated with respect to each other, and each
has two stubs attached (one on each of two orthogonal sides) in order to allow
circular polarisation operation. The use of rectangular patches without stubs, but
whose size is varied to obtain the required phase distribution, is the subject of the
work by Pozar et al. [11;14]. Spiral type patch elements are treated in [15] and
reported to be less sensitive to etching errors than other types; but the elements are
geometrically more complicated. Split ring elements are discussed in [16] for circular
polarisation operation, the ring size being the variable used to adjust the reflection
phase. The advantage of ring elements is that, at frequencies away from the designed
center-frequency, the reflectarrays composed of such elements allow electromagnetic

fields to pass through them. Thus they have been used in reflectarrays composed of

12



multilayers for multi-frequency operation [17,18]. Hat-shaped patches (specifically
for line-source-fed reflectarrrays) have been used by Shafai et al. [19]. A comparison
of several patch shapes (in addition to those already mentioned above) has been
given in [20,21], where the authors compare the slope of the reflection phase versus
adjustable parameter (eg. patch length in the case of rectangular patch elements).
Crossed dipole elements are discussed in [22]; the reason for their use is that there
was a requirement for the reflectarray elements to be interleaved with devices on a
spacecraft solar panel. The bandwidth of these crossed dipole elements is less than
that of rectangular patches. Finally, aperture-coupled patches were used in [23].
These consist of rectangular patches which couple through slots in the reflectarray
groundplane to stubs in a lower plane. It is not clear that this added complexity

offers any advantage over other reflectarray element shapes.

B. Number of Substrate Layers

Single-layer reflectarrays are obviously preferable to multi-layer ones from the point
of view of fabrication complexity, and the majority of such antennas described
in the literature have been single-layer. Multi-layer reflectarrays have principally
been used (and quite successfully so) in attempts to increase antenna bandwidth.
Two-layer reflectarrays were apparently described for the first time in 1995 by Huang
et al. [24]. The most detailed studies of two-layer reflectarrays were performed by
Encinar et al. [18,25], who describes a two-layer antenna composed of variable size
rectangular patches for dual frequency operation over two widely separated narrow
bands. The antenna is able to support two orthogonal linear polarizations over these
bands. Subsequent work by the same author [26] discusses a two-layer reflectarray
design that achieves dual linear polarization over a single 16% bandwidth from a

16\ diameter antenna. In order to combat the decreasing bandwidth that results

13



with increasing reflectarray size, Encinar et al. [27] devised three-layer reflectarrays
for dual polarization operation over single 10% bandwidths in spite of the fact that
these are as large as 40\ x 40 in size. The increased degrees of freedom (albeit with
a significant increase in fabrication complexity) offered by three-layer designs has
allowed reflectarrays to be designed to provide contoured beams over the bandwidths
required for satellite applications [28-30], although it is not certain if these have
actually been used in practice yet. Two-layer reflectarrays composed of ring elements

have been described in [31], also for increased bandwidth.

C. Feed Position

As with conventional reflector antennas, on-axis feeds cause aperture blockage and
its resulting effects, such as a decrease in gain, and increased sidelobe level because
of scattering off the feeding structure. It is similarly possible, with reflectarrays,
to use offset feeds and design the reflectarray appropriately. References [32, 33]
discuss reflectarrays composed of stub-loaded rectangular patches, illuminated by
offset feeds. It appears that the aim in these references was to experimentally verify
the possibility of such configurations. Reference [34] considers reflectarrays that have
main beams in directions other than broadside, and shows that offset feeds are able
to provide slightly higher aperture efficiencies than on-axis feeds in such instances.
Reflectarrays designed to have such off-broadside main beams apparently exhibit
beam squint, and [35] points out that offset feeds can be used to achieve a lower

squint than on-axis feeds.

14



D. Feed Type

Most of the references on reflectarray design and realization use feeds that are
either pyramidal or conical (eg. chrugated) horns. Of course one can use other
types of feeds too (as is the case with conventional reflectors), and the use if such
alternatives would not be considered to be novel. A completely different type of
feed system for reflectarrays, devised to make the geometry more compact, is the
so-called "folded” reflectarray [36-38]. While it is certainly novel, it also represents an
increase in fabrication complexity that could be considered to negate the advantage

of fabrication simplicity offered by reflectarrays.

2.3.3 Alternative Groupings of Reflectarray Antenna
References

The devising of ways to obtain increased bandwidth is a topic pursued for virtually

all antenna types. The reflectarray is no exception. References [39,40] attempt

to establish the bandwidth of conventional single-layer reflectarrays. Multiple-layer

reflectarrays with wider bandwidths than single-layer ones are described in [18,24,27).

Reference [41] uses unequal spacing in order to achieve increased bandwidth.

The standard variable rectangular patch reflectarray is intended for linear polarisation.
Circularly polarized reflectarrays are discussed in [42-45] and dual-polarisation cases

in [46-48].

The customised electromagnetic modeling of reflectarray elements is the subject of

references [14,49-60].

Synthesis methods for reflectarrays with shaped or (more generally) contoured beams

15



are considered in [28-30,60-67].

Useful parametric studies of reflectarray design (eg. the effect of element size) can
be found in [68-70], as well as some of the papers listed above as containing the

description of customized analysis methods.

The effect of altering the groundplane of a reflectarray forms the subject of references

[71-76].

Reflectarrays which incorporate active elements, some of which are discussed in the

next section, form the topic of discussion in [77-85].

Examination of reflectarrays in terms of their radar cross sections is discussed in
(2,86,87]. Virtually all the reflectarrays (except the first [1]) that have been referenced
utilize printed circuit technology for their fabrication. The other exceptions are the
inflatable reflectarrays which might possibly be used in future space applications, and
which have been discussed in [88-94]. The latter possibly represents more exposure

in the literature than such antennas deserve.

2.4 Existing Methods of Integrating Reflectarrays
and Spatial Power Combining

The use of reflectarrays in spatial power combining was first proposed by Zaman et.
al. [95]. The proposed application of the reflectarray in this spatial power combining
system is to eliminate the use of lenses in spatial amplifier arrays. Lenses are used
in spatial amplifiers as a means of performing the phase correction to turn a wave

with a spherical phase front into one with a planar phase front. In a typical spatial
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power combining scheme, often called a beam waveguide system, a spatial amplifier
is placed between two lenses and each lens is "fed” by a horn. This configuration

can be seen in Figure 2.6. The author of [95] investigates the feasibility of using a

Lens

Lens

..
é
7
Z
7
7
/
.

Figure 2.6: Spatial Amplifier Array --Beam Waveguide System

reflectarray to provide the necessary phase correction. To do this he uses a horn
with an orthomode transducer as the feed of the reflectarray. The horn transmits a
vertically polarized field. The elements of the reflectarray are stub loaded microstrip

patches with a feedback loop, as shown in Figure 2.7. The reradiated field from this

-

Figure 2.7: Reflectarray Element Proposed in [95]

reflectarray would now be horizontally polarized with a planar phase front. The test

setup utilized is shown in Figure 2.8. In this setup the output power would be lower

CIRCULATOR 5 B
P F . - ;,:/’ "

POWER IN PN o
——{ —— omr i === 5
\T/ e N .. &
4 { ORTHOMODE S B

> y REFLECTARRAY
RF LOAD POWER

Figure 2.8: Conceptual Layout of a Horn/Planar Array Power Combining
Arrangement (After [95])
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then that of the input power but, the results of [95] showed that a reflectarray could
be used for spatial power combining applications by integrating an active element in

the feedback loop of the reflectarray element to amplify the signal.

All further advances in the use of reflectarrays for spatial power combining have
involved the integration of active elements within the reflectarray elements [77-81,

83,84,96,97]. The first proposed element [83] is shown in Figure 2.9. This is a

<

e

&

SLOT PATCH FEED

Figure 2.9: Single Reflection Amplifier Element (After [83])

multi-layer element which is made up of an aperture coupled microstrip patch as
the radiator. On the trace layer there is a feedback loop; by varying its length
one can control the phase of the_ reradiated field. Embedded in each element on
the trace layer is a general purpose MESFET which, with its bias network, acts as
an amplifier. This reflectarray element works much like that described by Zaman
et. al. [95]. The element is meant to receive a vertically or horizontally polarized
field, the energy is coupled into the feedback loop, in which it is amplified and
then re-coupled to the radiating patch and the field is re-radiated in the orthogonal
polarization. The feeding method of these reflectarrays has also been investigated.

As described earlier in [95], an orthomode horn is used to both transmit and receive
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in both linear polarizations (i.e. horizontal and vertical).

In [77,81] the authors propose a microstrip patch element with a slot, in order
to integrate the active elements within the footprint and on the same layer as the
microstrip patch. This configuration would reduce the size necessary for each element
of the reflectarray. The ability to place the elements of the reflectarray closer to one
another will help in suppressing the higher order Floquet modes which are the cause

of grating lobes.

It should be noted that none of the authors of the papers that deal with reflectarrays
in spatial power combining configurations [77-81, 83, 84,95-97] state the combining

efficiency of their devices.

2.5 Existing Design Procedure for a Single-Feed
Microstrip Reflectarray with Variable Size
Rectangular Patches

The design of a single-feed microstrip reflectarray with variable size rectangular
patches was first described by Pozar et al. [11]. The following steps outline the

design of such a reflectarray:
1. Select design parameters.

2. Perform full-wave analysis to generate data of the reflected phase versus patch

length.
3. Select required patch sizes.

We will now go through these steps to detail the design of this type of reflectarray.
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1. Select design parameters.
There are several design parameters that must be selected in the design of
this type of reflectarray. To help in the description of these parameters we
will make reference to Figure 2.10 which describes the geometry of this type

of reflectarray. The first of these parameters is the aperture shape and size.

R,
F ~
'
_ I 4
—h
,7n n®™ Patch
D ! .
_75 Unit Cells
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|«
7 %,

Figure 2.10: Reflectarray Geometry

For this description we will consider a square aperture. The required size of
the aperture D is governed by the required gain of the antenna. The next
parameter to consider is the unit cell size d, and d,. The size of the unit
cell will determine the center to center distance between each element; this is

critical in suppressing the higher order Floquet modes [98]. The cell size must
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be selected so that only the lowest order Floquet mode is allowed to propagate.
If the cell size is selected too large (i.e. large clement spacing) higher order
Floquet modes will propagate causing gratting lobes. However, the cell size
must still be large enough so that the width of a microstrip patch contained
inside the cell can be varied from its resonant size to achieve the full 360°
range of reflected phases. The next design parameter is the feed location, be
it center-fed or offset-fed. One must also select the height of the feed over the
reflectarray, given by F. The spillover and taper efficiencies will be governed by
the selection of the feed location. Typically the feed location is selected to have
-10dB illumination, due to the feed pattern, at the edges of the reflectarray.
Finally one must select a substrate and its thickness. The selection of the
substrate will affect the bandwidth of the reflectarray and the slope of the

reflected phase versus patch size design curves which will be discussed next.

. Perform full-wave analysis to generate data of the reflected phase versus patch
length.

In order to select the patch sizes that will generate the desired reflected phase,
one must generate a set of data for the phase of the reflected field of a uniform
infinite array of identical patches versus patch size. This analysis can be done
because it has been shown [11] that the mutual coupling between elements is
quite low for thin microstrip substrates, and therefore the size of the surrounding
patches has very little effect. Nevertheless, this approach will have the same
limitations as the so-called infinite array method [99] widely used in the design
of large conventional array antennas. This full-wave analysis was done using a
commercial moment method code EmPicasso [100]. With this code one is able
to model a single unit cell with periodic boundary conditions to simulate the
unit cell in an infinite array of identical elements. The unit cell is then excited

by an incident plane wave and the phase of the reflected field is obtained.
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Figure 2.11 shows an example curve of the phase of the reflected field of an

infinite array of identical microstrip patches, versus patch size. It should be
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Figure 2.11: Reflected Phase from an Infinite Array of Identical Microstrip Patches
versus Patch Size

noted that if the E-field is x-directed, then the dimension of the patch along the
y-axis (width) is selected (and remains fixed) and the dimension of the patch
along the x-axis (length) is varied, which is the independent variable (patch
size) in Figure 2.11. The selection of the width of the patch is also important.
As shown in Figure 2.12, the slope of the design curve is affected by the width
of the patch. Ideally the curve with the most gradual slope is more desirable,

in order to have more refinement when selecting the patch sizes.

3. Select required patch sizes.
The selection of the patch sizes is done, based on the requirement that the
phase at the aperture of the antenna must be uniform. To accomplish this, the

required phase correction at each unit cell must be determined. To do this we
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Figure 2.12: Reflected Phase from an Infinite Array of Identical Microstrip Patches
versus Patch Size for Various Widths

make use of the following equation [11]
ko(lﬁnl - T;’L ' 7;\0) - ¢n =27N (21)

The quantity ¢,, in Equation (2.1) is the required phase in order to obtain
the appropriate phase correction in order to have a uniform phase across the
aperture of the antenna. In other words ¢, must be chosen in such a way that
the phase delay from the feed to an aperture in front of the reflectarray be
th-e same for all the elements. The quantities R;, 7, and 7, are described in
Figure 2.10. Once ¢, is determined for all the elements you can then use the
design curve (the reflected phase versus patch size) described in the previous
step to select the patch size that will give you the required phase correction
¢r. This can be done using an interpolation technique. For the designs of this

research we used a cubic spline data interpolation routine.
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These steps outline the design of a single-feed single-beam microstrip reflectarray
with variable sized rectangular patches. Some alterations will need to be done to the

design procedure to accommodate the multi-feed single-beam case.

2.6 Concluding Remarks

Section 2.2 provided a brief overview of spatial power combining methods. Section 2.3
gave a fairly complete summary of all the various reflectarray configurations that have
been described in the literature. The references used at once also provide a useful
comprehensive bibliography of work that has been described on reflectarray antennas.
Section 2.4 reviewed the work done by others on incorporating power-combining into
reflectarray antennas. These methods are different from that developed in Chapter 4
of the present thesis. Section 2.5 describes a design procedure for reflectarrays that
can be used for the design of the existing forms of these antennas, but which will

also be used in Chapter 4 to design the new type of reflectarray developed there.
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Chapter 3

ELECTROMAGNETIC
SIMULATION
CONSIDERATIONS FOR
REFLECTARRAYS:
RECEIVE-MODE ANALYSIS

3.1 Description of the Receive-Mode Analysis
Approach

In order to test the validity of a reflectarray design we consider performing a

receive-mode analysis. This analysis entails simulating the complete reflectarray
structure, that is, microstrip patches on a grounded dielectric substrate, with an
incident plane wave, and then examining the reflected near-field along lines of interest.
For the purpose of the description of this technique we will consider a single, center
fed reflectarray with patches of variable size, as described by Pozar et él. in [11].
Figure 3.1 shows a ray-picture of the receive-mode operation of a reflectarray antenna.
The reflectarray is designed using the design procedure that was outlined in Section
2.5. For this design we have a square aperture with D = 150mm, unit cell size d,
= 6mm and d, = 6mm, F/D = 1 and the single main beam at broadside. The
reflectarray was made using a 20mil or 0.508mm Rogers RT3003 substrate with

¢, = 3. This yields a 625 cell reflectarray. Figure 3.2 shows the resulting distribution
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Figure 3.1: The Receive-Mode of a Reflectarray Antenna
of relative patch sizes for this reflectarray.

We now want to perform a receive-mode analysis on this finite reflectarray structure.
To do this we will make use of the finite element method based code HF'SS [101]. The
patch distribution as well as the dielectric and ground plane must all be included
in the design. To input thié reflectarray design into HFSS we made use of HFSS’s
macro language. A MATLAB code that was written to determine the patch sizes has
a subroutine that writes a macro that can be executed inside HFSS to automate the
entry of the reflectarray structure. The macro also assigns all the material properties,
boundary conditions, excitation, and sets up the solution properties. The use of such
macros drastically reduces the time necessary to input a large structure, as is the
case with the reflectarray we are currently considering, into HFSS. Once this has
been done the reflectarray structure can be analysed. However, there is an issue

with the electrical size of the problem. At 30GHz we have a 10mm wavelength (i.e.
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Figure 3.2: Reflectarray Patch Distribution (625 Cells)

A = 10mm). We here have a structure that occupies a volume 150mm x 150mm x
6.508mm. The height of the structure includes the dielectric thickness, of 0.508mm,
and the height of the radiation boundary (which is A/6), giving us the total height
of 6.508mm. This represents a structure that has a volume of 146.43)\3. A structure
with this volume is too large to be analysed in HFSS on a standard PC. However, if
we refer to Figure 3.3, we can see that we can exploit the symmetry of the structure.
If we input only the dark patches into HFSS and use symmetry boundaries we can
greatly reduce the solution region size. By making use of the symmetry of the
structure, we reduce the volume of the solution region to 36.61\3, which is much

more manageable.
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Figure 3.3: Symmetry of Reflectarray Patch Distribution (625 cell)

We are now able to use HF'SS to solve this problem. The solution is carried out
using an adaptive mesh to ensure that we have converged results. The convergence
criterion, in HF'SS, is based on the change in a computed energy term and is called
"DeltaE”. For the purpose of this simulation we have set the convergence criterion
to DeltaFE < 0.05. Once the simulation is completed and we are assured of having
converged results, we can then use HFSS’s post processing ability to look at the near
field of the reflectarray. For this receive-mode analysis we are interested in the near
field along the feed axis. Figure 3.4 shows the computed near field along the feed axis,
namely a line beginning at the point (0,0,50mm) and terminated at (0,0,250mm).
For this reflectarray design, with F/D = 1 and D = 150mm we expect to see the

near field to be maximum at z = F or z = 150mm. We can see from Figure 3.4 that
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Figure 3.4: Near Field along Feed Axis (625 cell Reflectarray)

the near field is at its maximum near the design focal point of z = 150mm. However,
we notice also from Figure 3.4 that the maximum near field does not occur exactly
at the design focal point. The near field is maximum at z = 145.8292mm, which is
about 0.42) towards the reflectarray. This focal shift will be the topic of the next

section.

To further test the validity of this type of analysis, let us apply the receive-mode
analysis to another reflectarray design. For this second reflectarray we have the
following design criteria: square aperture with D = 198mm, unit cell size d, = 6mm
and d, = 6mm, F/D = 0.6, and the single main beam at broadside. All other design
criteria are the.same as the previous design. We then have a reflectarray with 1089
cells. Using the same procedure as described above, we can examine the near field
along the feed axis for this reflectarray. Figure 3.5 shows the computed near field
along the feed axis, namely a line beginning at the point (0,0,50mm) and terminated
at (0,0,300mm). For a reflectarray of this size with F/D = 0.6, we have the design
focal point at ' = 118mm. We can see from Figure 3.5 that the near field is at

a maximum near z = 118mm, but again we have that the maximum occurs at z
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Figure 3.5: Near Field along Feed Axis (1089 cell Reflectarray)

= 120.0350. We again have a focal shift, in this case about 0.2)\ away from the

reflectarray.

Finally, to ensure that this receive-mode analysis gives accurate results we will apply
it to a simple flat conducting plate. The conducting plate will be modeled in the
same way as the 625 cell reflectarray, described earlier, but here we will remove the
square patches and the dielectric. We are then left with a square ground plane with D
= 150mm. To stay consistent with the previous analysis we will also apply symmetry
boundaries to this structure; however it is not required due to the simplicity of the
structure. Figure 3.6 shows the computed near field along the feed axis. Note in this
case of the conducting plat we are assuming that the feed would be located same
location of the 625 cell reflectarray described previously, namely (0,0,150mm). With
a plane wave incident on a simple conducting plate we expect to have a reflected
plane wave, but the conducting plate will not perform any focusing, as is the case
with a reflectarray. In Figure 3.6 we can see that the near field along the feed axis
is almost constant and there is indeed no evident focusing. We can also see that

the relative magnitude of E, for the conducting plate is much lower than for the
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Figure 3.6: Near Field along Feed Axis (Reflectarray vs. Conducting Plate)

reflectarray. We do however see a ripple in the computed near field, most likely due
to diffraction from the edges of the conducting plate. If we had an infinite conducting

plate we would not see this ripple.

3.2 Investigation into the Focal Shift in
Reflectarrays

In the previous section, we briefly discussed the phenomenon of a focal shift in
reflectarrays. The focal shift in traditional reflectors has been previously investigated
(102,103]. If we consider a parabolic reflector the focal point of this reflector is
simply the focus of the parent paraboloid; this is the geometrical optics focal point.
Based on this one would expect that if a feed is placed at the focal point we
can expect to have the maximum received power. However, this is not precisely
the case [103]. It has been shown that you can sometimes get maximum received

power when the feed is moved away from the geometrical optics focal point. This
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movement of the feed to achieve maximum received power is called the focal shift.
The main factor that contributes to this focal shift in parabolic reflectors is the
finite size of the paraboloid. When designing the reflector the focal point is selected
based on the parent paraboloid which is theoretically infinite. Having a finite sized
reflector introduces diffractions from the edges, causing extra contributions to the
reflected field that will shift the optimal feed position. As seen in [103], when the
reflector size gets larger the focal shift decreases because the reflector is looking
more like an infinite paraboloid and the diffraction off the edges has less effect on
the reflected field. Using the receive-mode analysis described in the previous section,
we have noticed this focal shift phenomenon in reflectarray antennas. We will next
investigate whether the focal shift in reflectarrays is consistent with what is observed

for traditional reflectors [103].

In order to examine the phenomenon of focal shift in reflectarrays we will analyse,
using the receive-mode analysis, several different size reflectarrays, namely' D =
10.2A, D = 15X and D = 19.8\. Each of the different size reflectarrays will also
be analysed with different F/D ratios, namely F/D = 0.6, F/D = 0.8, F/D = 1.0
and F/D = 1.2. This combination of sizes and F/D ratios gives us 12 different
reflectarrays to simulate. With this data, we will be able to compare the effect of
focal shift in reflectarrays versus traditional reflectors. Figure 3.7, Figure 3.8 and
Figure 3.9 show the near field computed along the feed axis for the three different
reflectarray sizes D = 10.2A, D = 15X and D = 19.8), respectively. We can see
from these figures that for different sized reflectarrays we have different amounts of
focal shift. Table 3.1 summarizes the amount of focal shift for each of these cases.
To more easily understand how the amount of focal shift varies with different sized
reflectarrays and different F/D ratios, we can look at the results of the above table

in graphical form. Figure 3.10 shows the amount of focal shift, for different sized
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Figure 3.7: Near Field along Feed Axis (D = 10.2)\)

reflectarrays, versus F//D ratio. In Figure 3.10, we can clearly see the trends in the
amount of focal shift based on the size of the reflectarray and the selected F/D ratio.
It should be noted that for larger reflectarrays (i.e. 15X,20)) there is very little focal
shift as is the case in traditional reflectors discussed previously. It stands to reason
that factor, namely edge diffraction, which contributes to focal shift in traditional
reflectors is the same contributing factor for the focal shift in reflectarrays. Therefore
for practical applications (in which reflectarrays are usually electrically large) this

phenomenon of focal shift will apparently not be an issue.

Nevertheless, to verify this phenomenon of focal shift in reflectarrays and to further
validate the feasibility of the receive-mode analysis, two reflectarrays were constructed

and the gain measured for different feed positions along the feed axis. The gain is
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Figure 3.8: Near Field along Feed Axis (D = 15))

plotted normalized to the maximum measured gain value. Figures 3.11 and 3.12 show
the measured results plotted over the simulated results from HFSS. In Figure 3.11 we
have a D = 10.2) reflectarray with /D = 1.0. We can see from the measured results
that we have a good agrement with the simulated results. Another factor that must
be noted is that the receive-mode analysis computes the reflected near-field at points
along a line. In other words the receive-mode analysis is telling us how the field
varies as we move a point source feed along the feed axis. The measured results,
however are for a waveguide probe feed with a finite aperture. To achieve more
accurate measured results we would need to compute Robieux’s integral [102]. This
was not done because the purpose of the receive-mode analysis was simply to gain
a better understanding of reflectarray operation and to validate new reflectarray

design, as we will see in the next chapter. What these measured results show is
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Table 3.1: Focal Shift for Various Reflectarray Sizes and F/D Ratios

Reflectarray | F/D Ratio | Design Focal | Maximum Field | Focal Shift
Size Location Location (mm)
A = 10mm F(mm) (mm)
10.2X 0.6 61.2 56.7113 4.4887
10.2X 0.8 81.6 74.7450 6.8550
10.2) 1.0 102.0 86.7173 15.2827
10.2) 1.2 1224 94.1588 28.2412
15.0A 0.6 90.0 89.9680 0.0320
15.0\ 0.8 120.0 116.9334 3.0666
15.0A 1.0 150.0 145.8292 4.1708
15.0A 1.2 180.0 174.3049 5.6951
19.8) 0.6 118.8 120.0350 -1.2350
19.8A 0.8 158.4 158.6793 -0.2793
19.8\ 1.0 198.0 195.6979 2.3021
19.8\ 1.2 237.6 236.2181 1.3819
0
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Figure 3.11: Measured Focal Shift - D= 10.2A, F/D=1.0

that the receive-mode analyses performed using HFSS are a good prediction tool for
reflectarray designs. In Figure 3.12 we have a D = 15 reflectarray with F/D = 1.0.

In this plot we see that as we move the feed away from the reflectarray, past the design
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feed point F, the measured results do not follow the simulated curve. However, as
we move the feed along the feed axis, towards the reflectarray we see good agreement
with the simulated results. Ideally it would have been beneficial to collect measured
results for points further away from the reflectarray than those that were taken.
However, the measurement jig used had a restricted range of movement. It stands

to reason that if were able to move the feed further away we would see the measured

gain drop.
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3.3 Gaussian Beam Interpretation

Another interesting aspect of the receive-mode analysis is that we can use the results
for a Gaussian beam interpretation of the reflected wave. This type of interpretation
can be used in determining ideal feed placement to maximize the received power.
To perform a Gaussian beam interpretation of the reflected field we must examine
the field transverse to the direction of propagation [104]. In the cases we are
considering, propagation is along the z-axis. Therefore the field will be plotted
along the x-axis(E-plane) and y-axis(H-plane). We will examine the transverse fields
at four distinct locations, namely z = zyax, 2 = F, z = 255 and z = zJ,;5. In

Figure 3.13 we see these locations in terms of the reflected near-field along the z-axis

and Figure 3.14 shows these locations schematically. In Figure 3.15 and 3.16 we
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Figure 3.13: Reflected Near Field along Feed Axis - D=10.2\, F/D=1.0

have the reflected field plotted in the E and H plane at the four locations of interest
for a 10.2A reflectarray with an F/D = 1.0. In this Gaussian beam interpretation

we are interested in two specific quantities. First is the beam radius. The beam
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Figure 3.14: Schematic Representation of a Gaussian Beam
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Figure 3.15: Reflected Near Field Along Transverse Axis (E-plane)

radius is the width of the beam, plotted along a line transverse to the direction of
propagation, where its value has decayed from the peak value by e!, or in dB by
10log(e™!). Figure 3.14 shows schematically how the beam radius of a Gaussian
beam varies as you move along the direction of propagation. The beam radii for the

fields plotted in Figures 3.15 and 3.16 are given in Table 3.2. In Table 3.2 we can see
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Table 3.2: Gaussian Beam Radius

Location along E-plane H-plane
Z-axis Beam Radius (mm) | Beam Radius (mm)
z2=F 6.3017 6.0465

Z = Zpax 5.8424 5.5363
2 = Z3p 7.0465 6.0465
Z = z3p 6.9650 6.7099

that the Gaussian beam is at its narrowest at z = zpr4x (where the beam radius is
the beam waist) and the beam radius gets wider as you move away from z = zpr4x,
as depicted in Figure 3.14. Ideally the beam radius at z = 23,5 should be equal
to the beam radius at z = z3,5; this would be the case if we had the lowest order
Gaussian beam [104]. We can clearly see from Figures 3.15 and 3.16 and the values

of the beam radii in Table 3.2 that the field reflected by the reflectarray includes

higher order Gaussian beams.

We can next have a look at the beam waist (at z = zp74x) for the various reflectarray
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sizes we are considering, versus F//D. This is plotted in Figure 3.17. From Figure 3.17
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Figure 3.17: Beam Waist at z = zpr4x versus F/D

we can see that the Gaussian beam is elliptical due to the larger beam waist in one
plane versus the other. Also we can see how the beam waist varies with different

F/D values, as F/D get larger the beam waist get larger almost linearly.

The next quantity of interest is how the phase varies within the beam radius.
Typically the phase front of the field transverse to the direction of propagation
is curved except at the beam waist where the phase front becomes flat. The phase
fronts on either side of the beam waist have opposite and increasing curvatures. This
is show, schematically, in Figure 3.18. In Figure 3.19 we see the curvature of the
phase front for the reflected wave of the 10.2) reflectarray, with F/D = 1.0 analyzed
using HFSS, for the four specific points mention previously, namely 2z = zyax,

z=F, z =z and z = z],5. We can clearly see in Figure 3.19 that the phase front
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is behaving as predicted. We can see that as we move away from the reflectarray the
phase front is curved and as we move closer to z = zp4x the phase front flattens

and after this point the curvature of the phase front returns.
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Both these quantities, beam waist and phase distribution, could be used to design an
optimum feed for the reflectarray. There exists design equations [104] to design a feed
to achieve optimum coupling to the fundamental Gaussian Mode. The investigation

of this type of optimum feed is outside the scope of this research.

3.4 Concluding Remarks

The major objective of this thesis is the development of a design procedure for
multi-feed single-beam reflectarray antennas so that the antenna itself performs
a spatial power combining action. It was expected that some additional means
of interpreting the operation of reflectarrays would be needed during the research
on such unconventional multi-feed single-beam types. Therefore, electromagnetic
modelling of reflectarray operation in the receive mode, presented here for the first
time, forms the subject of Chapter 3. Section 3.1 described the concept of receive
mode analysis and immediately applied the approach to the operation of a conventional
single-feed single-beam reflectarray (designed using the procedure from Section 2.5).
The conventional single-feed single-beam case was considered since its operation in
the receive modé was expected to be similar to that of a conventional paraboloidal
reflector antenna. Thus it was possible to establish the validity of the receive mode
analysis. Nevertheless, experimental validation was also given in Section 3.2, along
with a discussion of the "focal shift” observed. Section 3.3 gives an interesting
Gaussian beam interpretation of the focal region fields of the reflectarrays; although
not essential to the work in this thesis it provides increased understanding of the

antennas operation.
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Chapter 4

THE DEVELOPMENT AND
IMPLEMENTATION OF A
DESIGN PROCEDURE FOR
MULTI-FEED
REFLECTARRAYS

4.1 Introduction

Recall that the goal of a reflectarray, as for a parabolic reflector, is to convert the
phase of a wave with a spherical phase front, emitted by the feed, to a wave with a
planar phase front. By reciprocity the reflectarray, if designed correctly, will convert
the phase of an incident wave with a planar phase to a wave with a spherical phase
front and focus the beam at the designed feed position. Figure 4.1 illustrates this

point.

This chapter considers, for the first time, the design of multi-feed single-beam reflectarray
antennas for use as integrated antenna/power-combiner devices. The mathematical
analysis that allows the design procedure of Section 2.5 to be applied to such
multi-feed single-beam reflectarray antennas is described in Section 4.2. Section
4.3 will give a very complete description of the implementation of the procedure to

the two-feed case. This includes a receive-mode analysis of the two-feed antenna
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Figure 4.1: Phase Conversion of a Reflectarray

which clearly shows that an incoming plane wave is indeed focused to two separate

feed locations, and is fundamentally different to single-feed single-beam antennas.
Experimental validation of the two-feed antenna will be given, and its measured
performance carefully compared to predictions simply to validate the design procedure.
Section 4.4 will then described the design, implementation, predicted performance,

and measured performance of a four-feed single-beam reflectarray antenna/power-combiner.
The radiation pattern performance, as well as the power combining efficiency, will

be investigated. Section 4.5 concludes the chapter.

4.2 Design Procedure for Multi-Feed
Reflectarrays

4.2.1 Combined Field Analysis

In order to design a multi-feed reflectarray, we need a new design equation that
will allow us to determine the required phase correction needed at each element to
achieve the desired phase conversion. For simplicity let us first consider a two-feed
reflectarray, for which the geometry of the structure is shown in Figure 4.2. Let us

now start by considering the field incident on the n®* patch due to the first feed only.
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Figure 4.2: Geometry of a Two Feed Reflectarray

We can then write the reflected field as follows
By () = | By (7)) sl (41)

Recall that ¢, is the phase of the reflection coefficient associated with the n* patch,
determined as explained in Section 2.5. The reflected field from the n** patch in the

presence of the second feed can be written as
By(r) = | By(rD)]e ko0 (42)

Now the total reflected field at the n* patch in the presence of both feeds can be
written as

o 1=(1) L 12(2)
EL = | By (FD)|e %ol 1=¢n) |, (7)) g3 kel | —¢n) (4.3)

46



We can now decompose Equation (4.3) into its real and imaginary parts as follows:

= 1By eos(ko 0] — ) + | Ea(72) cos (kelF] — )

—J|Ea (D) sin(kolri?| — ¢n) — I E2(FD)|sin(kolFD| — ¢n) (4.4)

and hence write the phase of this total field

R —wx“MkawW—¢u |Ea(7)|sin(kol 7| — $u)
LE, = tan 0 ") ") (4.5)
| B (78| cos(kol D] = dn) + | Ba(72) cos (ko || = ¢n)
We next assume that the feed is a point source, so that the patterns of the individual
feeds is broad enough so that the angular dependance of their patterns can be ignored
as far as the illumination of the reflectarray is concerned. Since we are considering the
feeds as point sources we still have a 1/r decay (where 7 is the distance from the feed
to the patch) of the magnitude of the fields. We can then write |E; (T (1))‘ =1/ |7’,(11)|

and |E2( )| 1/ |r(2)| Considering this we can the rewrite Equation (4.5) as

i sin(kolT| = n) = iy sin(kol7i | — )
cos(koli | ~ ¢n) + yrcos(holFi| — )

LET = tan™! (4.6)

We now have an equation which tells us the phase of the reflected field at each
individual patch. In order to design a functioning reflectarray we must determine the
value of ¢,, at each patch that will make the phase of the total field, ZET, constant
for all patches. In other words we want a constant phase front at an aperture in
front of the reflectarray. To do this, we use a numerical optimization routine that
will attempt to set ZEL = 0 by finding the appropriate value of ¢,,. The MATLAB
routine fsolve was used to accomplish this task. Knowing the required values of ¢,
for each n we can select the appropriate patch sizes by making use of the reflected
phase from an infinite array of identical microstrip patches versus patch size curve

of the type in Figure 2.11. Note that the selection of the appropriate patch size
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was done by using the spline function in MATLAB in order to interpolate the data

points in Figure 2.11.

The above procedure, which obtained a design equation for a two-feed reflectarray
can easily be expanded for any number of feeds. Equation (4.7) is the general
combined field formula to design a reflectarray with M feeds:

M sin(kol7™ | = ¢n)

(m)
ZEZ = tan~! I |
Z ——-—cos(k 7| = ¢,)

m=1 |7 (m)

4.2.2 Radiation Pattern Analysis Using Array Theory

To validate these multi-feed designs one can use a receive-mode analysis as described
in Chapter 3 and/or analyze it iri an appropriate transmit mode as a planar array of
microstrip patches (which it is). Considering the reflectarray in this latter manner
allows us to use array theory to calculate the far-field pattern of the reflectarray. If

we consider the geometry of a planar array [105] as seen in Figure 4.3, with
T'mn = xmnf{ + ymny + Z’mn2 (48)

the array factor of this array, with I,,,,, the complex excitation of the mnt* element

can be written as

N M
= Z Z I €7%mn glémn (4.9)

n=1 m=1
where
Emn = kol - Tmn = ko|[Zmnsin0cosd + ymnsinfsind] (4.10)
O = —ko[TmnSiN0,c05P0 + Yimn Sinb,ysing,) (4.11)
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Array Element

Figure 4.3: Planar Array Geometry

In (4.10) the (05, ¢) is the direction of the array main beam, and a,y,,, is the additional
phase of the mn®* element required to achieve this beam direction. For the purpose
of this research, we are considering all main beam directions to be at broadside so

that 6, = 0, ¢, = 0 and hence o = 0. We can then write Equation (4.9) as

N M
AF(Q, ¢) —_ Z Z Imnejk,,(xmnsinGcos¢>+ymnsin05in¢) (412)

n=1 m=1

Recall from Figure 2.10 Chapter 2, which shows the geometry of a reflectarray, that
the vector

Tp = xn& + yny (413)

which is not the same as the 7 in Figure 4.2, locates the z and y coordinates of
n'" patch. Using Equation (4.13) we can then rewrite the array factor in Equation

(4.12) with a single index. This will give us the array factor of the reflectarray as
N

AF(@, ¢) — Z Inejko (zn sinbcosp+ynsindsing) (4 14)

n=1
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The term I, in Equation (4.14) is the relative complex amplitude of the current
excited on the n'* patch. If this current has a magnitude and phase it can be written

as

Since we are considering a feed illuminating the individual patches of the reflectarray
we can consider (albeit an approximation) that the excitation terms A, and 3, as
being proportional to the magnitude and phase of the reflected electric field at the
n'" patch, respectively, or

I, = |E,|ei’En (4.16)

since we intend using the array theory to obtain relative pattern levels only. We can

then write Equation (4.14) as

N
AF(G, (b) — Z lEn|ejko(acnsin&cos¢+ynsin6?sin¢)+jZEn (4'17)

n=1

Now that we have determined an equation for the array factor, we can look at the
element pattern for each element of the reflectarray. To do this first let us consider
a single microstrip patch described in Figure 4.4. The far field radiation pattern for

this microstrip patch is given to a good approximation by [106]

—sin(Wi)cos(Ly) cosg(eess — sin?6)

patch —
Ey"(0,¢) = Wi Eeff — Sin%fcos’p

(4.18)

sin(Wy)cos(Ly) €epy — cosfsing
Wi Eeff — Sin?0cos?¢

ER(6,¢) = (4.19)
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where
~1
fotf = 5’”;1+5T;1<1+10%> 2
W = ko;/v stnfsing
Ly = MQ—Z—A—L)sinecosqb
and

0.412h(e.55 +0.3) (¥ + 0.264)

AL =
(eesr —0.258) (£ +0.8)

It should be noted that in the two principal planes (i.e. ¢ =0° and ¢ = 90°) we can

use the total E-field as our element pattern and it is given by

EPieh(9, 6) = \/ (B30, )12 + (B3 (6, ) (4:20)
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Since our reflectarray is made up of patches of varying lengths L the element pattern
at each patch will be different and it will be a function of L,, (i.e. the length of the
nt* patch). With this in mind we can write the far-field pattern of the reflectarray

using array theory as
N
Ereflectarray(e’ ¢) — Z Egatch(e, &, Ln)lEnIejko(xnsinacoszb—l—ynsin@singb)—}—jZEn (421)
n=1

The above equation will allow us to simulate the reflectarray to determine its far-field
pattern prior to fabrication and testing. This is a useful tool especially if stringent
criteria are required for the pattern of the reflectarray (ég. maximum allowed sidelobe

levels).

4.3 'Two-Feed Design

4.3.1 Initial Comments

The goal here is to design a reflectarray that will perform the spatial power combining
of two feeds. In other words, we have a reflectarray structure that is being illuminated
with two feeds, as seen in Figure 4.2. The reflectarray, if designed correctly, will
correct the phase of the total field that is incident from both feeds on the reflectarray,
to a wave with a uniform phase distribution over an aperture in front of the reflectarray.
The reflectarray will then have one main beam at broadside with the combined
power of both feeds. The design that we will be considering here is a 15.5\ square
reflectarray at 30GHz with the main beam at broadside and an F/D ratio of 1. Again
referring to Figure 4.2, with the reflectarray centered at the origin, the feeds would
be located at (x,y,2z) = (0,£7.75),15.5)) so that both are at a radial distance
r = 173.3mm from the coordinate origin. The feeds are placed in such a manner as

to have an x-directed linearly polarized E-field. With a unit cell size of 5mm this
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reflectarray has 961 elements, which are printed on 0.020” Rogers RO3003 substrate
(e, = 3.0). With these design criteria in mind, we can proceed to the design of
the microstrip patch elements. To accomplish this we will use the combined field
design equation described in Section 4.2.1. Specifically we will make use of Equation
(4.6) by setting ZET = 0. As described earlier this equation will be solved using
an optimization routine in MATLAB (fsolve). This routine attempts to make /ET
equal to zero by selecting the ¢,, appropriately. This was done, and ZET was found
with a maximum error, over all the elements, of 9.2595 x 108 radians. With the
optimization routine successfully executed we have the value of ¢, (i.e. required
reflected phase) for each patch, we then use the curve obtained from EmPicasso
simulations of the reflected phase from an infinite array of identical microstrip patches
versus patch size, for a square unit cell size of 5bmm, as seen in Figure 4.5. Note that

the width of the patches is constant and equal to 3mm. Once all the patch sizes (L)
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Figure 4.5: Reflected Phase from an Infinite Array of Identical Microstrip Patches
versus Patch Size (L) for a 5mm Square Unit Cell and a Patch Width of 3mm

are determined from the required reflection phases (¢,) we get the patch distribution
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shown in Figure 4.6

Figure 4.6: Distribution of Relative Patch Sizes for the Two-Feed Reflectarray
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4.3.2 Receive Mode Analysis and Interpretation

As described in Chapter 3, we can use the receive mode analysis as a means of
verifying the dgsign. And as for the case of the single feed design of Chapter 3
we can exploit the quadrantal symmetry of the reflectarray design to alleviate the
computational burden. In Figure 4.7 we see the quarter symmetry of the two feed
reflectarray. The portion that is greyed out will not need to be simulated; instead the
only portion to be simulated is the black quadrant of the reflectarray with symmetry

planes placed appropriately. Once simulated we can use the post processing facility
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Figure 4.7: Symmetry of Patch Distribution for the Two-Feed Reflectarray

of HFSS to compute the reflected near field along lines of interest. Specifically we
are interested in the behavior of the reflected field along lines that pass through the

feed locations. We will then look at the reflected field along lines that start at the
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origin (i.e. center of the reflectarray) and extend onto and past the location of the
feeds as shown in Figure 4.8. Both lines will start at the origin, (z,y, z) = (0,0,0)
and extend to (z,y,2) = (0,£155mm,310mm). The result of this calculation is

(0,-155mm,310mm) (0,155mm,310mm)

Near Field Computation Lines

z

(0,-77.5mm,155mm) Y\ Feed #1 Feed #2 4 (0,77.5mm,155mm)
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Figure 4.8: Reflected Near Field Computation Lines (Feed Lines)

shown in Figure 4.9. We can see from this graph that the reflected near field reaches
a maximum near the feed locatioﬂs -assumed in the deéign procedure. It should be
noted that, as was the case in the single feed designs where we observed a focal
shift, we also see this phenomena in the two feed case. The maximum reflected field
values occurs at r = 165.9mm and not precisely at the feed locations (r = 173.3mm)
assumed in the design procedure. Also note that the curves overlap each other
precisely, demonstrating that the field reflected from the reflectarray towards each
feed will be identical. To ensure that the simulation is actually working correctly we
computed the reflected near field along other lines to see if there were any focusing

effects. Specifically we will examine the reflected near field along a line that extends
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Figure 4.9: Reflected Near Field versus r = /22 + 2 + 22

from the origin along the z-axis; this would show us if there is any focusing effect along
a line where a feed would be located if we had a center fed reflectarray. We will now
also look at two other lines. These lines will start at the origin and will extend in the
x-z plane (plane which is orthogonal to the plane containing the feeds). Alternatively
these two lines will start at the origin (z,y,2) = (0,0,0) and extend to (z,y,2) =
(£155mm, 0,310mm). Figure 4.10 demonstrates graphically these other lines of
interest. We can see in Figure 4.11 the values of the reflected field plotted along the
lines shown in Figure 4.10, relative to the reflected field along the lines which pass
through the feed locations, namely the line shown in Figure 4.8. We can see here
that near the focal region (~ 173.3mm) the reflected field at the design location of
the feeds is significantly higher than along the other lines, shown in Figure 4.10. This
result confirms that the combined field design equation for multi-feed reflectarrays,
described at the start of this chapter, works as it should. It should be noted that in
Figure 4.11 we see a peak in the field at z = 77.675mm along the broadside axis line.

It would appear that there is additional focusing at this location, however without
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Figure 4.10: Reflected Near Field Computation Lines

knowing how the field behaves in a plane transverse to direction of propagation at
this location (Gaussian Beam Analysis) it is not certain whether this focussing can be
exploited. Also this peak, along the broadside axis, is much closer to the reflectarray
and placing a feed there in order to exploit this focusing effect might cause secondary

issues such as blockage and increased scattering.
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4.3.3 Simulated Far-Field Patterns

The receive-mode analysis performed in the previous section provides a good indication
that the two-feed reflectarray design will effectively focus and split the reflected field
to the design location of the feeds. A transmit mode analysis will prove to be equally
informative. We will thus further validate the design of the two-feed reflectarray
by computing the far-field radiation pattern by making use of Equation (4.21) of
Section 4.2.2. to confirm that we have a main beam at broadside and that there are
no unexpected results (for example, multiple main beams or grating lobes). Recall

that Equation (4.21) is given as

N
Ereflectarray(a, ¢) _ Z Egatch(e7 ¢a Ln) lEn|ejko(xnsinGcos¢+ynsin05in¢)+jZEn (422)

n=1

To evaluate this expression we need to determine |FE,| and ZE, for the elements of
the two-feed reflectarray. Recall that ]En| and /E, are the magnitude and phase of
the reflected electric field at the n'* patch respectively. In the case of the two-feed
design this is a combination of the reflected fields due to the incident fields from
the two feeds, as discussed in Section 4.2.1. In that section we derived an equation
for the total reflected field (due to the two feeds), at the n'* patch, as (refer to

A Figure 4.2)

1 1
ET = cos(k,|7| — on) + —-—-—cos(ko|7_’7(L2)| — ¢n)

7<) 7|
o1 _ N _
—J—5 sm(ko|r£ll)| — ) —J— > sm(ko|r§f)| — &n) (4.23)
iy 7]
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We can now write the magnitude and phase of this total field at the n* patch as

2
1 _ 1 _
|E3:| = (‘F(l)lcos(kohqg)l - ¢n) + |f(2)1608(k0|7“£2)l - ¢n)

N

2
+ <_ |—(11)!Sin(kolf7(ll)| - d)") - ‘_(12)|8in(ko|fg2)[ - ¢n)) (4.24)
F

n Tn

S sin(kolPi | — dn) — iy sin(kol 7| — ¢n)
ZE,Z; — tan-—l 'rn ] (1) |7'n | (2)
11)|Cos(ko|7:n | - ¢n) + I 12)|COS(]§0|17” | - d’n)

7 &S

(4.25)

We therefore have that |E,| and ZE, from Equation (4.22) are given by |EL| and
LET respectively. Next let us consider the element pattern. Earlier in Section 4.2.2
we gave equations that will approximately give us the radiation pattern of a single
rectangular patch as a function of 6, ¢ and the patch dimensions. Evaluating these
expressions in the two principal planes (i.e. E-plane ¢ = 0° and H-plane ¢ = 90°),
for a constant width (W = 3mm) and for several length values (L = 1mm,2mm,3mm
and 4mm) we get the radiation patterns seen in Figure 4.14. With this information,
we can then evaluate the far-field radiation pattern, given by Equation (4.22), for
the two-feed reflectarray. It should be noted that this pattern prediction is only
approximate. There are several factors that we are not considering in this analysis,
such as feed pattern angular dependance, blockage, finite ground and edge effects,
and so on. However, as we will see, this analysis is nevertheless quite effective.
This analysis was carried out using a routine written in MATLAB. In Figures 4.13
and 4.14 we see the predicted E-plane (¢ = 0°) and H-plane (¢ = 90°) patterns
respectively.  These patterns show that the reflectarray is functioning correctly,
since we have a distinct main beam at broadside, as expected. Note that we have
two large sidelobes at ~ £60° in the H-plane pattern. Initially these were thought to
be grating lobes; however after further examination into the element spacing it was

determined that these large sidelobes were entirely due to the phase distribution of
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Figure 4.12: Far-Field Radiation Pattern of a Rectangular Microstrip Patch
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Figure 4.13: Predicted E-Plane Far-Field Radiation Pattern, Feeds Positioned at
(z,y, z) = (0, £77.5mm, 155mm)
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Figure 4.14: Predicted H-Plane Far-Field Radiation Pattern, Feeds Positioned at
(z,y,2) = (0, £77.5mm, 155mm)

the individual elements. This phase distribution is determined by the combined field
analysis for the two-feed reflectarray design. If we wanted to lower the sidelobes by
changing the element sizes (and thus their phases) without having to change the feed

positions, we would end up with a reflectarray that was not optimally combining the

fields from both feeds.

It is noted that by changing the location of the feeds and redesigning the reflectarray
in consequence of these new feed locations, we could lower these sidelobes. For
instance, Figures 4.15 and 4.16 show the principal plane patterns for a reflectarray
with the feeds positioned at (z,y, z) = (0, =77.5mm, 155mm) and

(z,y,2) = (=77.5mm,0,155mm); these feeds are in orthogonal planes relative to

each other).

Nevertheless, in the remainder of this section we continue the discussion of the

analysis of the two-feed reflectarray with the feeds positioned
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at (z,y,z) = (0,£77.5mm,155mm). To further validate the approximate array
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Figure 4.15: Predicted E-Plane Far-Field Radiation Pattern, Feeds Positioned at
(z,y,2) = (0, =77.5mm, 155mm) and (z,y, z) = (—77.5mm, 0, 155mm)
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Figure 4.16: Predicted H-Plane Far-Field Radiation Pattern, Feeds Positioned at
(z,y,2) = (0, =77.5mm, 156mm) and (z,y, z) = (=77.5mm, 0, 155mm)

analysis under discussion, it was used to compute the half power beam width, which

was found to be 3.24°. Using an approximate formula [107] for the half power
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beam width of a rectangular aperture in free space with a uniform distribution
we get HPBW = 50.6°/(D/)) = 50.6°/(15.5A/)) = 3.27°. These results closely
match each other, further validating the reflectarray design and its analysis using
the approximate array theory. With the combination of the receive-mode analysis
and the transmit mode pattern prediction using the approximate array theory we
can then proceed more confidently to the fabrication of the two-feed spatial power

combining reflectarray.

4.3.4 Implementation and Experimental Validation

For the purpose of experimental measurements the received power at each feed was
combined using a 3dB power splitter with appropriate lengths of semi-ridged coaxial
cables. The test setup is shown schematically in Figure 4.17. In order to perform
accurate and informative measurements the entire test setup must be characterized.
Figures 4.18 and 4.19 show the magnitude of the S-parameters measured between
port#1 and port#2, and port#1 and port#3, respectively from 29-31GHz. Ideally,
with a perfect power splitter, lossless semi-ridged coaxial cable and no discontinuity
effects, we should see an equal power split between both feeds. In other words the
insertion loss between port#1 and port#2, and port#1 and port#3 (i.e. S21 and
S31) should both be -3dB (i.e. equal power split). We can see from Figures 4.18
and 4.19 that we have a large ripple and that at 30GHz we don’t have precisely
-3dB for the insertion loss of both paths. Specifically, the insertion loss terms S21
and S31 are -4.78dB and -4.86dB, respectively. We thus have an excess loss in the
path to feed#1 of -1.78dB and in the path to feed#2 of -1.86dB. This excess loss in
the feed paths corresponds to (on average) a 1.81db loss in the gain of the antenna.
We next need to characterize the phase imbalance between the two paths. In an

ideal situation we would want 0° phase difference between the paths, because the

65



Feed #1 Feed #2
Port #2 Port #3

Semi-ridged Coaxial Cable
a1qeD) [BIXe0)) padpu-1wag

Lz 0777727

b1

Power
Splitter

l Port #1

Figure 4.17: Schematic of Reflectarray Feed Arrangement Used for Experimental
Work
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combined field analysis described earlier assumes that we have a phase match between
the feeds. The phase imbalance between the S21 and S31 was measured and found
to be 21.58°. To translate this phase imbalance into a loss in directivity we use'd the
array analysis described in Section 4.3.3 to determine how much loss in directivity
we would get if one of the feeds had an excess phase of 21.58°. It was also found that
this phase imbalance contributed to a decrease in directivity of 0.149dB. It should
be noted that along with a drop in directivity due to the phase imbalance, with this
imbalance between the two feeds the computed pattern also exhibits a squint in the
main beam of 0.07° . This result shows that the directivity of the reflectarray is fairly
tolerant of a phase imbalance. Specifically this tolerance of the phase imbalance was
examined computationally and the results are summarized in Table 4.1. Clearly, from
Table 4.1 we see that for a very large phase imbalance we would have some significant
losses in directivity. However, for an imbalance of up to 40° we only have a loss in
directivity of less that 0.5dB; for some applications this could be acceptable. Next we
consider the losses due to the input reflection coefficient. We measured the reflection

coefficient of the test setup, shown in Figure 4.17, with the feeds connected and
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Table 4.1: Phase Imbalance Tolerance
I Phase Imbalance ! Loss in Directivity | Beam Squint

0° 0.0000dB 0.00°
10° 0.0012dB 0.03°
20° 0.1060dB - 0.07°
30° 0.2447dB 0.10°
40° 0.4039dB 0.14°
50° 0.7370dB 0.18°
60° 1.1631dB 0.22°
70° 1.6054dB 0.27°
80° 2.1992dB 0.32°
90° 2.8502dB 0.38°

the magnitude of S11 (input reflection coefficient) is seen plotted in Figure (4.20)

versus frequency, from 29GHz to 31GHz. At 30GHz we have an input reflection
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System Reflection Coefficient - S11 (dB)
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Figure 4.20: Input Reflection Coefficient - S11

coefficient equal to -20.55dB, which translates to a reflection loss of 0.04dB. In order
to take all the above-mentioned loss contributions into account we must thus add
1.81dB + 0.149dB + 0.04dB = 1.999d B to the peak measured realized gain in order
to be able to obtain an accurate number for the directivity, and hence the aperture

efficiency. Figures 4.21 and 4.22 show the measured antenna patterns in the two
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principal planes. The peak gain for this antenna was measured to be 26.17dBi. If
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Figure 4.21: Measured E-Plane Far-Field Radiation Pattern
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Figure 4.22: Measured H-Plane Far-Field Radiation Pattern

we now add the above 1.999dB we get a corrected gain of 28.17dBi. This yields a

21.73% aperture efficiency, which is fairly low. Recall that in Figure 4.11 that there
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appeared to be additional focusing on the broadside axis line when we performed the
receive-mode analysis of this reflectarray. This apparent additional focusing might

explain the low aperture efficiency of this reflectarray.

To verify that our predicted pattern from the previous Section, using array theory,
matches the measured pattern we can normalize the measured pattern and plot it
on top of the predicted pattern. Figures 4.23 and 4.24 shows the comparison of the

measured and predicted far field patterns, in the two principal planes. We can
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Figure 4.23: Normalized E-Plane Far-Field Radiation Pattern

clearly see the the pattern prediction technics, using the approximate array theory,

predicts the far-field patterns quite well.

Even though the reflectarray was designed for proper operation with both feeds

in use, the performance was also examined with only feed#1 present (and feed#2
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Figure 4.24: Normalized H-Plane Far-Field Radiation Pattern

removed). Under these conditions the total field at the n* patch is

rj; = |f(1) COS(koVS)l - ¢n) - .7 |77(1)| Sin(k()'fr(zl)l - ¢n) (426)
We can write the magnitude and the phase of this field as
) 2 2]z
ET| = (W(l)lcos(kotfg); — ¢n)> + (- [F(1)|Sin(ko|fg)| — ¢n)> (4.27)
and
~ i sin(kolrh’| — )
VET = tqn~t { 1] " (4.28)
IF(ll)ICOS(k()an | - ¢n)

We can then use this magnitude and phase in Equation (4.21) to predict the pattern
of this reflectarray configuration. Figure 4.25 shows the measured normalized H-plane
radiation pattern with only feed#1 present, as well as the simulated far-field pattern

in the single feed configuration. We can see that there are high wide-angle lobes in
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Figure 4.25: Normalized H-Plane Far-Field Radiation Pattern (Single-Feed)

the vicinity of 460(°), and that their presence is correctly predicted. There are no
such lobes either predicted or measured in the E-plane pattern, and thus these are
not shown. Similar results are of course found when only feed#2 illuminates the
reflectarray and feed#1 is removed. It is clear from this result for the ”incomplete”
antenna (i.e. one feed only) that the design procedure and approximate array theory

"captures” the principal physical phenomena involved.

The evaluation of the two-feed design just discussed was intended to validate the new
design procedure of Section 4.2. This has been achieved. A complete evaluation of
the device as an antenna/power-combiner will be done in Section 4.4, which considers

a four-feed design.
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4.4 Four-Feed Design

4.4.1 Initial Comments

We will now expand multi-feed reflectarrays, for spatial power combining, to a design
with 4 feeds. We then have a reflectarray structure that is being illuminated with

four feeds, as seen in Figure 4.26. The reflectarray, if designed correctly, will correct

Feed#3) [ Feed#4
(-155mm,-21mm,155mm) (-155mm,21mm,155mm)

F

Figure 4.26: Geometry of a Four-Feed Reflectarray

the phase of the field incident on the reflectarray from the four feeds. The reflectarray
will be designed to have a single main beam at broadside with the combined power
of all four feeds. The design that we will be considering here is a 15.5\ square
reflectarray at 30GHz with the main beam at broadside and an F/D ratio of 1.
Figure 4.26 shows that the reflectarray is centered at the origin; the feeds are located
at (z,y,2) = (£2.1A,=7.75A,15.5)) and (z,y,z) = (—7.75\,+£2.1X,15.5)). The

feeds are placed in such a manner as to have an x-directed linearly polarized E-field.
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With a unit cell size of 5mm this reflectarray has 961 elements, which are printed
on 0.020” Rogers RO3003 substrate (&, = 3.0). With these design criteria in mind,
we can proceed to the design of the microstrip patch elements. To accomplish this
we will use the general combined field design equation described in Section 4.2.1.
Specifically we will make use of Equation (4.7). Evaluating this equation with M = 4

yields the equation

—Aysin(hel | = 6n) — iy sin(hol7i | — 6n)

78
tcos(Kol7i| = 6n) + hcos(hol | ~ 62)

|77’ |77

— i sin(kolii | = ¢n) = sin(kolri| — én)

|7 |7

ZES = tan~"

(4.29)

13)|cos(k0|F§L3)| — ) + é)'cos(kzo|7’£b4)| — ¢n)

|75 |7

As was the case in the two-feed design, the equation formed by setting (4.29) equal
to zero will be solved using an optimization routine in MATLAB (fsolve). /ET was
found with a maximum error, over all the elements, of 1.2107 x 10~7 radians, the
optimization routine providing the values of ¢,, (i.e. required reflected phase). We
then use the curve in Figure 4.5 to determine the patch sizes. The patch distribution

shown in Figure 4.27 is obtained for the four-feed reflectarray.
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Figure 4.27: Distribution of Relative Patch Sizes for the Four-Feed Reflectarray

75



4.4.2 Receive Mode Analysis and Interpretation

We will again make use of the receive-mode analysis described in Chapter 3. However,
we can see in Figure 4.27 that there is no symmetry that can be exploited to reduce
the solution time of this structure. In order to solve this structure we had to use a
unix workstation to simulate the entire structure; a structure of this electrical size
could not be solved on a PC. The structure was solved and again we used HFSS’s
post processor to compute the near field along lines of interest. As was the case
for the two feed reflectarray, the lines along which we are specifically interested
to compute the reflected near field start at the origin, pass through each of the
feed locations, and extend beyond them. In other words the lines will all start
at (z,y,2) = (0,0,0) and extend to (z,y,2) = (£42mm, —155mm, 310mm) and
(z,y,2) = (—155mm, £42mm, 310mm). Figure 4.28 shows the computed reflected

near field along these lines. As was done in the two feed case we will look at

—5- Feed # Line
—%~ Feed #2 Line
—— Feed #3 Line
—&- Feed #4 Line

Relative Magnitude of Ex (dB)

-25

161.028J L—174.563
r= xz+yz+'zz {mm)

Figure 4.28: Reflected Near Field versus r = /z2 + y2? + 22

the near field along additional lines to ensure that there is no apparent focusing
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along any other lines. For this we will look at 4 lines orthogonal to the four
"feed lines” detailed above. Namely, the additional lines will have their origin
at (z,y,2) = (0,0,0) and extend to (z,y,2) = (*42mm,155mm,310mm) and
(z,y,2) = (155mm, £42mm, 310mm). In addition to these four ”orthogonal” lines
we will also look at the field along the broadside axis (the z-axis). The computed
reflected near fields along these lines are plotted in Figure 4.29, normalized to the

peak value of the feed lines. We can see from Figure 4.29 that there is no obvious
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Figure 4.29: Reflected Near Field versus r = y/z2 + y2 + 22

focusing along any of the lines that do not pass through the location of a feed. It
should be noted that, as opposed to the two-feed case where the computed reflected
field along the lines that passed through the feed locations were equal, in the four-feed
case we see a slight difference in the level of the field between the four lines that pass
through the feed locations. It is believed that this is due to the asymmetry of
the four-feed reflectarray design. However the receive-mode analysis has revealed a

distinct focusing near the location of the four feeds. These results suggest that there
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is no design flaws with the four-feed design.

4.4.3 Simulated Far-Field Patterns

As was done in the two feed case, we will make use of the approximate array theory
to plot a predicted far-field pattern for this reflectarray. We will again make use
of Equation (4.21) from Section 4.2.2. The reflected field at the n'* patch for a

reflectarray with four feeds is given by

1 _ - 1 _
ETTL' = |7_‘(1)|COS(]€0|7"7(11)‘ - ¢n) +'_|;‘__—(-2—)—I-cos(kolr1(12)| - ¢n)

_(3 —(4
IFT(L3)|COS(k0|T1(z )' — ¢n) + |Fg4)lcos(kol7“7(z )| — ¢n)

1 1
—j——sin(ko|F| — pn) — j—o—sin(ko|F2| — $y)
B " G i

n

S SR S ST
—J 7 sin(kol 7| — ¢n) — J ] sin(ko|7V| — ¢n) (4.30)

n

The magnitude and the phase of this field are therefore

1 1
2| = || cos(kolril] = a) + —grcos kel | - 60)
iy 7]

n

+

2
1 _ 1 _
|7:(3)|Cos(k0|7'$z3)| - ¢n) + '7;(4)Icos(ko|r§z4)’ - ¢n))

1 . _(1 1 . —(2
+ (— |F511)lsm(ko|7’£)| — ¢n) — Ifg)!sm(kolrm — )

=

212
1o 1
B |7:(3)|Sm(k"lrg)| — ¢n) - |_(4)l3m(ko|7'7(14)| - ¢n)> (4.31)

n
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and

~ i sin(kolri?| = gn) — msin kol | — )
LEF = tan™ o i

lfil)' (koifn l - n) + IF£I2)!COS(ko|F’rL i - ¢n)
—|F§3)|5in(ko|ﬁ(13)[ - ¢n) - |7 (14)|Sin(k |F£L4)l - ¢n)

rcos(koli”] = ¢n) + (kel | = n)

(4.32)

respectively. Again we have that |E,| and /E, from Equation (4.22) are given
by (4.31) and (4.32) respectively. The element patterns will be the same as those
described in the two-feed case in Section 4.3.3. Figures 4.30 and 4.31 show the
computed patterns of this reflectarray in the principal planes, namely ¢ = 0° (E-Plane)

and ¢ = 90° (H-Plane), respectively. It can be seen in Figures 4.30 and 4.31 that we
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Figure 4.30: Predicted E-Plane Far-Field Radiation Pattern of the Four-Feed
Reflectarray

do not have any large sidelobes in the vicinity of £60° as we had in the two-feed case.
Indeed, recall that we showed in the two-feed case that by changing the position of

the feeds we could eliminate these large sidelobes. This is what was done in the
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Figure 4.31: Predicted H-Plane Far-Field Radiation Pattern of the Four-Feed
Reflectarray

four-feed case. Prior to selecting the feed positions we performed a study of the
predicted radiation patterns and the feed positions that were selected yielded the

radiation patterns with the lowest sidelobes.

4.4.4 Implementation and Experimental Validation

For the purpose of experimental measurements the received power at each feed
was combined using a 4-way microstrip power splitter, as seen in Figure 4.32, with
appropriate lengths of semi-ridged coaxial cables between the splitter ports and the
feeds. The test setup is shown schematically in Figure 4.33. As was the case in the
two feed reflectarray set up, the four feed reflectarrays feed network (i.e. microstrip
power splitter and semi-ridged coax combination) must be characterized. A more
precise characterization of the feed network was done in this four-feed case than was
done in the two-feed case, since we wish to determine the combining efficiency of the

reflectarray/spatial power-combiner. We use a scattering parameter analysis. By
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Port #2 Port #3 Port #4 Port #5

Port #1

Figure 4.32: 4-Way Microstrip Power Splitter

definition, given the scattering matrix of the 5-port network (1 input port and 4

output ports) we may write:

b1 = Snar + S12az + Si13a3 + Suaq + Sisas
by = Smay + 52202 + Sazaz + Sauay + Sesas
b3 = S31a1 + Sazaz + Sszas + Sasas + Sssas (4.33)
by = Spay + Sszas + Syzaz + Suas + Sysas

bs = Ss1a1 + Ss2a + Ss3a3 + Ssaa4 + Ss5a5

The scattering parameters S;; were measured using a vector network analyzer. We
have also measured the input reflection coefficient I',, (n=2,3,4,5) of each of the feed
horns that are connected as ”loads” at the output ports (ports 2,3,4,5) of the 5 port

network in Figure 4.33 . We can then write:

ag = I'yby
as = Tsbs (4.34)
as = I'yby
as = I'sby
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We can now substitute Equations (4.34) into Equations (4.33) to get:

by = Stiar + S120'2b2 + 513133 + S14T4bs + S15T5b5
by = S1a1 + S22l2bs + S23l'3b3 + S24T'4bg + SasTsbs
bs = Sz1a1 + S320'2ba + S3303b3 + S34T'4by + S3s1'505 (4.35)
by = Ssra1 + Ssal'abe + Sy3T'sbs + Sualqby + SisTsbs

bs = Ss1a1 + Ssal'abg + Ss3l'3bs + Ssal'abs + Sssl'505
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We can now re-arrange Equations (4.35) as follows:

bi = Snar + S120'9by + S131'3b3 + S14l'4by + SisI'sbs (4.36)
(1 — S3T2)b2 = Spras + SaaT'sbs + SpuTabs + SosTsbs (4.37)
(1 — S35T9)b3 = Ss1ar + SsaT'abs + SsaT'sbs + SssTsbs (4.38)
(1 — SuT2)bd = Suas + SeaT'ab + SasT'sbs + SusTsbs (4.39)
(1 — S5sT)b5 = Ss101 + Ssal'abs + SsaT'sbs + SsaTubs (4.40)

Equations (4.37) to (4.40) can be further re-arranged as a set of four linear simultaneous

equations with four unknowns by/a1, bs/a1, by/a1, bs/a; as follows:

| (1= Spl'2) =Syl —S241'y Sas0's 1 ba/ay - S -
—S3l's (1= Sa3l3)  —Suly — S350 b3/ a1 S31
— Sl —Sasl's (1= Suly)  —SusTs bs/ay Sn
| —Ssl —553f3 —Ssal's (1 —=55Ts) | | bs/ar | | Sa1 |
(4.41)

After substituting the complex numerical values of the scattering parameters and

the horn reflection coeflicients in (4.41) the set of equations was solved to give

bafa; = 0.3280e—J"171.255°
bs/a, = 0.3102¢775-8931°
bs/a; = 0.3165¢7"168.5534°

bs/ ay = 0.3246¢ " 145-6260°

(4.42)

Now that the b,/a; (n=2,3,4,5) are known, the input reflection coefficient at port

#1 is obtained from Equation (4.36) as:

I'iv = bi/ar = S1u+S12l2(ba/a1)+5131'3(bs/ a1)+-S1al4(bs/a1)+S150s(bs /a1) (4.43)
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Now that we know these quantities (i.e. I';y and b, /ay) we can determine how much
power is reflected at the input (port #1) of the reflectarray and how much power
will be dissipated by the 4-way microstrip power splitter and the semi-ridged coaxial
cables. This information will allow us to correct the measured realized gain of the
antenna as it was done in the two-feed reflectarray, by removing the effects of the
power splitter excess loss and the mismatch that it causes. To do this we must define
some important quantities, the first two being the incident power at port#1 given
by:

Pinec = |a1]%/2 (4.44)

and the reflected power at the input port (port #1)

Prer = |0112/2 = |Tin|*Pine (4.45)

Now the power accepted by the antenna (i.e. feed horn and reflectarray combination)
is given by:

Plorited = {Z |bn /a1 ]? } Pine (4.46)

This accounts for the non-zero reflection coefficient I';y and the power dissipated
by the microstrip power splitter and semi-ridged coaxial cables. If the splitter/coax
combination was matched (i.e. I';y = 0), and there was no power dissipated in the

splitter /coax, combination the accepted power would be
Pkettea = Pive (4.47)

If we take a ratio of the actual accepted power to that of the ideal case, we will be

able to determine what must be added to the measured gain in order to account for
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the splitter/coax combination losses and mismatch. We then get:

Piciges _ [

ccepte

IdeaIl) = Z |bn/al|2 (448)
Accepte_d n=2

If we use the b,/a; (n=2,3,4,5) values that were determined earlier and given in

Equations (4.42) we get

5
10  Log {Z |br, /a1|2} = —3.8786dB (4.49)
n=2

We must thus add 3.8786dB to the measured realized gain value for the four-feed

reflectarray to account for the mismatch and the losses of the splitter /coax combination.

The measured realized gain of course includes the effects of the non-zero relative
phases at the outputs of the splitter/coax combination. This phase imbalance serves
to decrease the gain from the value that would have been achieved had these ports
(and hence the four feeds) been in phase. In order to estimate the gain loss due to
the phase imbalance we will compare the level of the radiation pattern computed
with all four feeds fed in phase to that with the feeds having the imperfect phases
determined in expression (4.42). Since we are only altering the relative phases of the
feeds in the above comparison and not the feed excitation amplitudes, the difference
between the pattern levels (i.e. the electric field values) is equivalent to the difference

in the true directivities in the two instances.

Figure 4.34 shows the normalized measured radiation pattern of the four-feed
antenna. Also shown is the predicted normalized radiation pattern for the case
where the relative feed phases from (4.42) are used. The presence of a relatively
high predicted near-in sidelobe on the side of the main lobe clearly does not match

that of the measured patterns. It would appear that the relative phases at the
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Figure 4.34: Normalized E-Plane Far-Field Radiation Pattern with Phase Imbalance
from (4.42)

outputs of the power divider (and hence the four feeds) are not as different as
expressions (4.42) would indicate. It must be remembered that the computed phases
in expressions (4.42) were done using the measured input reflection coefficients of
the feeds, but do not include coupling between the feeds. Although such coupling
is very low (approximately -35dB for adjacent feeds in an E-plane array, -53dB for
adjacent feeds in an H-plane array and -54dB for feeds in orthogonal positions),
it would appear that it causes the final actual relative phases of the four feeds
to be much closer than the values in (4.42). There is also an additional factor
that could contribute to the variation in the phase imbalance and it is that when
the coaxial cables are connected to the feed horns the additional flexing in the
semi-ridged cables, at 30GHz, could cause a change in the phase at the splitter/coax
output. In order to obtain a more realistic estimate of the actual phase imbalance
we have adjusted the relative phases of the four feeds so as to obtain a better

"match” between the measured and computed normalized radiation patterns over
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the angular range +20°. This has been done by considering these phases to be
four variables that are used to minimize the square of the difference between the
measured and computed patterns at each angle within the above range; it has been
implemented using a numerical minimization routine. The resulting relative phases
are 152.7337°,93.5604°,165.4613°,110.8066°. A comparison between the measured
and computed normalized radiation patterns, which contains the ” extracted” relative

phases, is now shown in Figure 4.35. The agreement is clearly much better. The

0 ; T T e T T I
: : : N : || w——Measured

Relative Power Level (dB)

-20 -15 -10 -5 0 5 10 15 20
Angle off Broadside (degrees)

Figure 4.35: Normalized E-Plane Far-Field Radiation Pattern with ”Extracted”
Relative Phases

computed radiation pattern (not normalized) using the above ”extracted” relative
phases is now compared to the computed radiation pattern (not normalized) and
the difference in the levels of the pattern peak is found to be 0.9419dB. This is an
indication of the correction that must be added to the measured gain to compensate

for the phase imbalance.

We will now look at the measured patterns for the four-feed reflectarray. Figures 4.36
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and 4.37 show the complete measured E-plane

and H-plane patterns of the four-feed

reflectarray, respectively. The measured realized gain for this antenna was 25.64dBi.
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Figure 4.37: Measured H-Plane Far-Field Radiation Pattern

We can now correct this gain for the losses in the splitter/coax combination that
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was calculated earlier and the decrease in gain due to the phase imbalance. We
then get a corrected gain for the antenna of 25.64dB + 3.8786dB + 0.9419dB =
30.46dBi. This gives us an aperture efficiency of 36.82%. One thing to notice about
the measured patterns is that there is a clear asymmetry in the patterns; this is
due to blockage by the test setup. Figure 4.38 shows the actual test setup used.
We can see from this setup that the arms holding the feeds, the feeds themselves
and the semi-ridged coaxial cable will all cause blockage and scattering that will

affect the far-field radiation pattern. To verify that our predicted pattern with the

Figure 4.38: Four-Feed Reflectarray Test Setup

7extracted” relative phase imbalance, using the approximate array theory, matches

the measure pattern we can normalize the measured patterns and plot them on top
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of the associated predicted patterns. Figures 4.39 and 4.40 show this comparison in

We can clearly see the the pattern prediction techniques,

the two principal planes.
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using array theory, accurately predicts the far-field patterns, especially with regards

to the beam-width of the main beam.

The next and final step in this examination of this design is to determine how well
the reflectarray combines the power from the four feeds. We must determine a
combining efficiency number to this reflectarray. To do this we consider a single feed
reflectarray, where the feed is positioned so that the spillover and taper efficiencies
are much the same as each of the four feeds of the four-feed reflectarray. Ideally
if we had 100% combining efficiency for the four-feed reflectarray, the gain would
be the same as that of the single feed case. This statement can be made because
we know that all the other factors that will affect the gain, and most importantly
the spillover and taper efficiencies are identical between the four-feed reflectarray
and the single feed reflectarray with the feed positioned in one of the positions
of the four-feed reflectarray. A single feed reflectarray was designed with the feed
positioned at (z,y,z) = (2.1A,—7.75\,15.5)) or the same position as Feed#1 in
the four-feed reflectarray shown in Figure 4.26. All other design parameters for
this single feed reflectarray are the same as that of the four-feed reflectarray. This
single feed reflectarray was measured and the realized gain was found to be 31.04dBi.
The input reflection coefficient was measured and it was equal to -25.58dB, which
translates to a reflection loss of 0.01dB. The gain of the single feed reflectarray is

then corrected to 31.05dbi. The combining efficiency is then given by:

Girecss 10°10°
= = = 87.3% 4.50
GlFeed 10 3113)5 ’ ( )

[«

Various current configurations of spatial power combiners [108-112] quote combining

efficiencies ranging from 70-90%.
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In [6] the author defines combining efficiency as

~ NP,

e (4.51)

If we apply (4.51) to the present cconfiguration, then P, (the power at the output of
each feed horn) and P,, (the power transmitted by the reflectarray), are as shown

in terms of the N = 4 feed reflectarray in Figure 4.41. If we fed each horn of the

Feed #3 Feed #4

Feed #2
Feed #1

Reflectarray

Figure 4.41: Four-Feed Combining System

four-feed reflectarray with 0.25 watts the power transmitted by the reflectarray would

then be 0.873 watts.
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4.5 Concluding Remarks

This chapter contains the most important original contributions of this thesis. The
work was first done for the two-feed case and then for the four-feed case. The
mathematical analysis that allows the design procedure of Section 2.5 to be applied
to multi-feed single-beam reflectarray antennas was described in Section 4.2. Section
4.3 gave a very complete description of the implementation of the procedure to
the two-feed case. A receive-mode analysis of this two-feed antenna was discussed
and shown to interestingly indicate the difference between such reflectarrays and
the conventional single-feed ones that were reviewed in Section 2.3. Experimental
validation of the designed antenna was given, and its measured performance carefully
compared to predictions. The design procedure having been validated, Section 4.4
then described the design, implementation, predicted performance, and measured
performance of a four-feed single-beam reflectarray antenna. The radiation pattern

performance, as well as the power combining efficiency, were shown to be excellent.
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Chapter 5

GENERAL CONCLUSIONS

The principal contributions of this thesis are as follows:

e A complete design procedure for multi-feed single-beam reflectarrays has been

developed for the first time.

e The above design procedure has been experimentally validated through its use
in the design of multi-feed reflectarrays for use as integrated antenna/power-combiners.
The power combining efficiency of a four-feed device has been shown to be

excellent.

o A method for the receive mode analysis of reflectarray antennas has been
devised and applied. This does not appear to have been described elsewhere.
It has been shown how this can be used to understand the focusing action
of the reflectarray. An interesting Gaussian beam interpretation of the focal

region fields has been shown to be possible.

Portions of this work have already been described in the publications [113] and [114].

There are a number of issues whose investigation in future work would move the

reflectarray /power-combiner concept closer to its final overall goal. Firstly, it is
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necessary to determine how well four or more solid-state sources, one at each of
the feeds, could be synchronized. This is the manner in which it is intended that
the antenna/power-combiner operate. Secondly, the feeds used in this research were
pyramidal horns. The use of microstrip patches as feeds, would enable the entire
antenna to be produced using printed technology. The use of microstrip patches as
feeds would allow a greater number of feeds due to their small size and low-profile.
One issue with increasing number of feeds is to keep the spacing large enough to
avoid coupling between the feeds and properly illuminate the reflectarray. Finally
an investigation into the apparent additional focusing seen when performing the
receive mode analysis, specifically in the two feed case as seen in Figure 4.11, should

be investigated.
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