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ABSTRACT

X BAND TWO LAYER PRINTED REFLECTARRAY WITH SHAPED
BEAM

Ucgiincii, Gokhan
MSc., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. H. Ozlem Aydm Civi

October, 2011, 110 pages

X-band cosecant square shaped beam microstrip reflectarray is designed,
fabricated and measured. Unit element of the reflectarray is in stacked patch
configuration. With the aim of designing shaped beam pattern, phase-only
synthesis method based on genetic algorithm is used. Phases of reflected
electric field from antenna elements are adjusted by changing the dimensions
of the patches. Unit cell simulations are performed using periodic boundary
conditions and assuming infinite array approach to obtain reflection phase
curves versus patch size. Then full reflectarray surface and its feed are
designed and fabricated. Radiation patterns are measured in spherical near field
range and results are compared with simulations. It is shown that the antenna is

capable to operate in a band of 8.6 - 9.7 GHz.

Keywords: Reflectarray, Shaped beam, Cosecant square pattern, Broadband

array, Stacked patch
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X-BANT CIFT KATMANLI SEKIiLLI HUZMELI BASKI YANSITICI Dizi

Ucgiincii, Gokhan
Yiiksek Lisans, Elektirik-Elektronik Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. H. Ozlem Aydimn Civi

Ekim 2011, 110 sayfa

X-bandinda ¢alisan kosekant kare sekilli huzmeli mikroserit yansitici dizi ve
besleme anteni tasarlandi, liretildi ve 6l¢iildii. Yansitma dizisinin birim elemant
olarak ¢ift katmanli yap1 kullanildi. Sekilli huzmeli 6riintii elde edebilmek i¢in
genetik algoritma tabanli sadece faz kullanilarak yapilan sentez kullanildi.
Antenlerden yansitilan elektrik alaninin fazlari birim elemandaki yama anten
boyutlar1 degistirilerek ayarlandi. Yama antenlerin degisik boyutlarinda
yansitilan elektrik alanin fazlarinin olusturdugu egrileri elde edebilmek i¢in
birim eleman benzetimleri sonsuz dizi yaklasimi kabul edilerek periyodik smir
kosullar1 kullanilarak yapildi. Sonrasinda yansitic1 dizinin yiizeyi ve dizinin
besleme anteni tasarlanip tretildi. Isinim Oriintiileri kiiresel yakin alaninda
Olciildii ve sonuglar benzetim sonuclariyla karsilastirildi. Antenin 8.6 — 9.7

GHz bandinda ¢alisabildigi gosterildi.

Anahtar kelimeler: Yansitma dizisi, Sekilli huzme, Kosekant kare Oriinti,

Genis banth dizi, Cift katmanli yama
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CHAPTER |

INTRODUCTION

In satellite and radar applications, usually high gain and high power antennas
are required. Besides, in some satellite applications there may be a requirement
for illuminating a certain area, such as a single country, a continent or a
specific region on earth, which can be accomplished by using a shaped beam
antenna [1] - [4]. Similarly, some radar applications may also require to utilize
contoured beam antennas [5] - [7]. In order to meet all these requirements,

reflector antennas with phased array feeds or phased arrays are used.

Although reflector antennas have been widely used in satellite applications,
their bulky structures make it difficult to transport and deploy them in space
[8]. Additionally, mechanical surface tolerances for a reflector dish becomes
very critical, especially at high frequencies, which makes them harder to
manufacture. Phased array antennas have also some disadvantages. They
require complex and very expensive beam forming networks. Since microwave
components with certain insertion losses, such as phase shifters, and switches

are used, the overall efficiency is also reduced.

The printed reflectarray antennas appear to be a good choice for satellite and
radar applications as they do not only meet the requirements but also eliminate
the disadvantages of standard reflectors and phased arrays that have been
discussed so far. A Reflectarray [11] is composed of a flat reflector (rather than
a curved one), reflective unit elements on this flat structure, and a feed
illuminating this reflecting surface. The basic principle of operation is that the

incident field from the feed is reflected from the reflector and the phases of the



reflected electric fields are adjusted by the unit elements to form the desired

beam. A generic reflectarray is shown in Figure 1.

Figure 1 A generic reflectarray

The printed reflectarray can be designed to have high gain with relatively good
efficiency. The main advantage of the reflectarray is its flat reflective surface,
which makes it superior to standard reflector antennas, especially in space
applications [1], [2], [3], [4], [5], [12]. When a large aperture satellite antenna
requires a deployment mechanism, the flat structure of the reflectarray will
allow a much simpler folding mechanism than the curved surface of a standard
parabolic reflector. In reflectarrays, there is not any beam forming network;
desired phase shifts can be introduced with unit cells. So this is an advantage of

the reflectarray against phased array. Also using phase shifters and switches,



reflectarrays can be able to generate many combinations of different scan

angles and different beam shapes as in phased arrays.

On the other hand, the main disadvantage of reflectarrays is their narrow
bandwidth. There are two factors that limit the frequency bandwidth. In
reflectarrays, resonant type antennas such as microstrip patches are generally
used as unit elements. The fractional bandwidth of a regular microstrip patch
antenna is nearly 3% but this value can be increased by multilayer designs or
by using thicker dielectric substrates. The second disadvantage is the spatial
phase delay from the feed to the flat structure of the reflector, which can only
be compensated for narrow frequency bandwidths. However, in radar and
satellite applications, generally narrow bandwidths are required, so
reflectarrays attract more attention especially in these areas.

At this point it would be better to present the reflectarray concept and its
development throughout the history. The term reflectarray was first used in
1963 by Berry, Malech and Kennedy [11]. This reflectarray is composed of

open-ended waveguides as reflective elements, as shown in Figure 2.

i

Figure 2 Waveguide reflectarray

Each of the open-ended waveguides has different length and all of them are
terminated in short circuits. The coupled signal from the feed to waveguides
travels in different path lengths in each waveguide and it is reflected from the

short circuits. Therefore by adjusting the lengths of the waveguide sections,



desired phase shifts can be obtained. Beam scanning can also be done by
introducing switching diodes in the waveguides between the short circuit
termination and the aperture. In this configuration, when desired diodes are
shorted, beam scanning is obtained. However, this structure is heavy, hard to
manufacture and expensive due to the low frequencies studied in those years,.
Thus, until 1970s, this concept was not studied too much. In 1977,
“spiralphase” reflectarray [13] was introduced. It is composed of switching
diodes connected to 4-arm spiral antennas to rotate the beam to wide angles
with rotating the individual spiral element. This reflectarray element is given in
Figure 3. In 1978 [14] the introduction of low cost, easy to manufacture, and
low profile microstrip antennas made the reflectarray concept become very
popular and several reflectarray structures have been studied thereafter till late
1980s.

Figure 3 A 4-arm spiral element with phase shifters [8]

Microstrip patches, dipoles, rings are some of the examples of printed

reflectarray elements. Various types of such elements are shown in Figure 4.
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Figure 4 Microstrip reflectarray element types: circle, ring, annular ring, cross, identical
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patches with delay line, square, square ring, annular square ring, E-shaped, identical

patches with rotations, crescent, petal and variable size patches

Each single reflectarray element reflects the incoming wave from the feed and
the amplitude of the reflected wave depends on the feed pattern and the
distance between the feed and the element. Therefore, generally it is not easy to
control the amplitudes for each element. On the other hand, the phases of the
reflected fields should be adjusted to form the desired pattern. In literature,
various phase control mechanisms can be found. One of them is the patch
rotation, where miniature motors are placed behind the patches so that required
phase difference between elements can be achieved by rotating them [15]. This
method can be used for circular polarization case. By using this method beam
scanning can also be easily done without the need of additional phase shifters.
In [16], square patches of equal dimensions are rotated to adjust phases. These
patches also have delay lines to achieve circular polarization. Ring elements
can also be used to have circular polarization and phase change is achieved by
rotation of those elements [17]. Phases can also be controlled by changing the
length of stubs loading identical patches. In this type of phase control, square

or circular patches with the same dimensions and orientations are used and



depending on the polarization, delay lines are utilized [18, 19]. Another method
to control the phase is to change the dimensions of the elements (variable size
patches). In [21], length of the rectangular patches are changed to control
phases while in [22] length of dipoles are modified. Similarly, square and ring
elements are also used [23]. Switches can also be used on delay lines to make
the antennas reconfigurable [26]. Additionally, for wideband applications,
variable-sized multilayered stacked patch configurations [9], [24], [25],
aperture coupled patches [20], [26], double cross loops [27], parasitic dipoles
[28], and patches with attached stubs [29] are used.

The phase shift introduced by a patch changes as one geometrical parameter of
the element such as patch length, delay line length or pitch angle changes. The
phase design curve is the most important concept in reflectarrays, which shows
the patch response versus changing dimension. It is the primary factor which
determines the frequency bandwidth and the required manufacturing tolerances
of the reflectarray. To form the desired beam, first the required phase of each
element should be calculated. Then, using the phase design curve and the
required phase information the dimensions of the elements should be
determined. The desired pattern can be obtained by “phase only synthesis”
method. With this method, beam shaping or beam scanning can be
accomplished. It must be noted that the spatial phase delay taper caused by the

feed pattern, which is shown in Figure 5, should also be compensated.
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Figure 5 Spatial Phase Delay

In this thesis, X-band (9-10 GHz) cosecant square shaped beam microstrip
reflectarray is designed, manufactured and measured. In order to design a
reflectarray, first, initial unit cell dimensions are chosen according to the
results of [1], [24] and [25]. In unit cell design, two layer stacked patch
configuration is used to improve the bandwidth. Then, to find the best phase
design curve, a parametric study is performed. The phase design curves are
obtained by changing the dimensions of patches in stacked patch configuration
in the operating frequency band [10]. Linear phase design curves show that
over 400° of phase difference can be achieved, which appeared to be enough to
design a reflectarray. After that the feed antenna is designed and the radiation
pattern of the horn is used to find the magnitudes of the electric field over each
patch. Then, a MATLAB code is developed to implement the phase only
synthesis method based on genetic algorithm, and this code is used to calculate
the required phases of each element to form the desired cosecant square beam.
Also spatial phase delays are calculated and the phase compensation is

performed. The required patch dimensions are determined from the phase



design curves for corresponding phases. Finally full reflectarray with its feed is

simulated to obtain radiation pattern.

After this brief introduction about the reflectarrays, the organization of the
thesis is given. In Chapter 2, the parametric study to observe the effect of each
parameter on the phase design curve, which is performed by using simulation
tools, is discussed. The simulation procedure and the simulation setup is also
explained.

Chapter 3 presents the design procedure of the feed antenna. The results of the
simulations and measurements are also compared. The mathematical
expressions for the spatial phase delay caused by the spherical illumination are
given. Additionally, the dimensions of the elements are optimized. Finally, the
resulting reflectarray design is introduced.

The whole reflectarray simulation and measurement results are given in Chaper
4. Also the performance of the reflectarray is discussed. The manufacturing

process is briefly explained at the end of this chapter.

The last chapter provides a brief summary of the results, and accomplished

work along with the proposed subjects for future studies.



CHAPTER II

DESIGN OF THE UNIT CELL OF THE
REFLECTARRAY

2.1 Reflectarray Unit Cell and Definition of Phase Design

Curve

As mentioned in Chapter 1, unit cell is the building block of the reflectarray
antennas. In this study, stacked patch configuration is chosen for unit cell
structure to increase the operating frequency bandwidth. Variable size patch
technique is used to obtain the required phase differences to design a shaped
beam antenna. Bandwidth of the unit cell should cover 9-10 GHz band and

maximum range of reflected field should be more than 360°.

In this chapter, parametric analyses are performed to observe the effects of
each parameter in unit cell on the phase design curve. Performance parameters
are introduced to compare and evaluate the results. Additionally, simulation

tools are presented and brief information is given for the simulation technigues.

Unit cell is composed of a single or a multilayer microstrip patch. In literature,
many unit cell patch types shown in Figure 4 (ring, square, annular ring,

variable size patch, etc.) are introduced.

To obtain the phase of the reflected field, one parameter of the unit cell (patch
dimension, delay line length etc.) is changed. Obtained phases of reflected

fields are plotted versus the swept parameter value. The result is an S-shaped



curve, named phase design curve. A sample phase design curve is given in

Figure 6.
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Figure 6 A phase design curve

As described in Appendix-1, phase design curves of multilayer unit cells are
more linear than the single layer ones. So in this thesis multilayer unit cell

design is carried out and used as the array element.
2.2 Reflectarray unit cell modelling and design

Since the overall characteristics of the reflectarray are directly depend on the
performance of the unit cell, the modelling and the design of the unit cell must

be carried out carefully.
There are many numerical methods to analyze reflectarray unit cell. Some of

these methods are Finite Element Method (FEM), Method of Moments (MoM)

and Finite Difference Time Domain (FDTD). Commercial software Ansoft
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HFSS® [30] uses FEM, which assigns 3-D tetrahedral meshes to both
dielectrics and metallic surfaces. Ansoft Designer solves integral equations to
employ surface currents using MoM and only assigns meshes to surface of the
antennas. CST Microwave Studio® utilizes FDTD, which benefits from square
lattices to solve E and H fields [31]. In this thesis, simulations are performed
by HFSS®.

Throughout the design, some of the features like infinite array approach,
periodic boundary conditions, Floquet port, are used frequently. For the sake of

completeness, these concepts will be explained briefly.

The behaviour of the antenna element in an array is different from its stand
alone response due to the mutual coupling effects. Thus, unit cell simulations
must be carried out in an array environment that includes mutual coupling

effects.

In order to simulate arrays to observe mutual coupling effects, an
approximation named infinite array approach, shown in Figure 7, is used. In
this approach, periodic boundary conditions are applied to the boundaries of
the unit cell. By doing so an infinite array is formed. There are two main
drawbacks of this approach. Firstly all element dimensions are same, which is
not a general case for reflectarrays. Secondly since all the elements are
simulated in an infinite array the deviations of edge elements in a finite array
are ignored. In these two cases, phases of the reflected field which are found by
the simulations do not illustrate the real case. Infinite array approach gives
some intuition about the behaviour of the elements rather than their exact
response in array environment. This may cause some deviations in amplitude
and phase, but does not affect the overall performance notably which proves

that the infinite array approach is adequate.

11
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Figure 7 Infinite array approach. Unit cell treated as it is in an infinite array made with the

same element

Second method is the waveguide simulator model [8], shown in Figure 8. In
this model, in the case of normal incidence, perfect electric conductor (PEC) is
assigned to walls where incident E-field is perpendicular and PMC is assigned
where E-field is tangential. In fact, this approach looks similar to infinite array
approach. The E-field repeats itself till infinity in the PEC boundaries and the
same is true for the H-field in the PMC boundaries. This simulation setup can
be called as PEC/PMC waveguide. A waveguide is terminated with this unit
cell and the reflection characteristics (both amplitude and phase) are observed.
Unfortunately, this simulation can be done only with normal incidence case. To
measure the phase shift and the losses of the unit cell, in an array environment,
rectangular waveguides loaded by unit cells are widely used. The fundamental
TE10 mode of the rectangular waveguide can be considered as a superposition
of the two plane waves with opposite angles 6° and -6° relative to the
waveguide axis. Then the measured reflection coefficient in TE;o mode
excitation corresponds to that of a plane wave with incidence angle 6°.
However, this method has some limitations. The angle of incidence is

determined by the element spacing and the frequency, so that to measure

12



reflection coefficient of different incidence angles and frequency, waveguides

with different dimensions should be manufactured.

___|: PEC
______ 1\\
\\\\ X A A A
PMC ~~. _
T~ E-field

Figure 8 Waveguide simulator model

The first approach is chosen for simulations in this thesis. In order to get the
phase and amplitude of the reflected field from the patch, plane wave
excitation must be used. Thus, in HFSS®, Floquet port excitation, in which the
plane wave is sent to patches, can be used. Flogquet port uses Floquet modes
and these modes can be explained with two indices. Fundamental mode is
m=0, n=0 mode. With two polarization state, unit cell is illuminated with two

orthogonal plane waves.

In HFSS®, any region or part which is not specified is treated as perfect electric
conductor. Thus, a radiation box should be drawn around the antenna in all
antenna designs. In order to see the response of the simulated patch without the
radiation box, post processing should be used. In post processing, de-embed
option is available, which transforms the port in simulation setup to just over
the planar structure and gives patch’s response. De-embed distance can be
written manually or with “get distance graphically” option. In this option, user

should define start and stop points of the de-embedding. Note that, positive

13



distance means from port to structure and negative distance means from
structure to out of the port. In this setup, positive distance is used because the

reflected field’s response is needed on the patch.

Periodic boundary conditions must be imposed to constitute the infinite array.
In HFSS®, master and slave boundaries are used to implement infinite array as
shown in Figure 9. For normal incidence, phase difference between master and
slave boundaries is set to zero. A phase shift, between master and slave
boundary is applied to simulate the oblique incidence angles. In this process,
master is taken as a reference and the shift is applied to the slave boundary.
These boundaries are assigned with their own vectors, named u and v and their
directions should be the same both in master and slave boundaries. These
vectors can be expressed as a combination of x, y and z and used in the
calculations during the simulations. Since the lattice shape is square in this
study, u and v vectors do not have much importance but in other lattice types

like parallelogram or triangle or circular, these vectors have high importance.

Master

Figure 9 Master slave boundaries
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2.3 Definition of performance parameters

Maximum range of reflection phase, sensitivity for mechanical tolerances,
bandwidth, cross-polarization level and reflection loss are the parameters that
determine whether the unit cell is an appropriate element for a reflectarray or
not [33].

Maximum range of reflection phase is the difference of maximum and
minimum reflection phases in phase design curve at chosen frequency. If the
maximum range of the reflection phase is denoted as R, and ¢,,, and &,
represents minimum and maximum phase shift values in the phase design
curve, then maximum range of reflection phase is

R = G = Prin (1)
Importance of this concept arises in all reflectarray configurations, because
reflection phases which can differ from 0 to 360 can be required to obtain the
shaped or steered beams and to compensate the phase delay due to the feed

illumination.

Phase range for single layer substrate is approximately given as [32],
Phase:360*(1—@) (2
T

where Kk is the wave number in substrate and h is the substrate thickness.

From this approximation, it can be seen that thick substrates for a
predetermined frequency or higher frequencies for a fixed thickness have
smaller phase range. If single layer and multi layer unit cells with the same
patch type are considered, it can be seen that multi layer structures offer wider

phase range (Appendix-1).

The second parameter sensitivity, illustrates the maximum slope of the phase

design curve. If sensitivity is denoted with s,
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_ max|??
s= max‘ap (3)

where p is the changing geometrical parameter (for instance delay line length,
patch dimension). The unit of the sensitivity is deg/um. This value determines
whether the design is implementable or not. For the shaped beam and
wideband reflectarrays, sensitivity is an important parameter due to the
mechanical production tolerances because these antennas are vulnerable to
small phase errors. As an example, if production tolerance is 10um and
sensitivity value for a unit cell is 1 deg/um, then 10° of error can be introduced
in manufacturing process and this error may cause antenna performance

degradation.

Sensitivity parameter depends on the unit cell configuration. Parametric study
on the dielectric thickness shows that thicker substrates are less sensitive than
the thinner ones. From the studies on single layered configurations, it can be
concluded that multi-layered structures are less sensitive than the single-

layered ones.

Bandwidth is the third parameter, given by,
B =\t~ 1 (4)
f, and f, are the lower and upper bounds of the operating frequency where the

slope of the phase design curves at those frequencies are in acceptable error

bound compared to the slope at the center frequency.

Bandwidth definition is explained using Figure 10 and Figure 11.
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To calculate the bandwidth, first the phase design curves at different
frequencies are normalized to the curve at the center frequency. Then for every
patch size the phase differences are computed. If the phase differences are in
the required error bound, it can be said that these frequency points are in the

operating frequency band. In this thesis the error bound is taken as 45° [33].

Bandwidth of single layered configurations varies more rapidly than
multilayered ones, which makes single layered arrangements to be narrowband
(see Appendix-1 for single layer configuration simulations).

Fourth parameter is the cross-polarization level, showing the reflection
coefficient amplitude of TM mode when TE mode is used as an excitation and
vice versa and is shown by,

X pol = max|1—;:ross| (5)

where I

woss denotes the reflection coefficient of cross polarization and X
denotes the maximum of the magnitude of the reflection coefficient of the cross

polarization.

Final parameter is the reflection loss, demonstrating the decrease in magnitude
of co-polarized component of reflection coefficient in unit cell simulations.
Since multilayered structures include multi conductor layers, due to metallic
losses, reflection losses could be higher compared with single layered ones.
But while the metallic losses are negligibly small compared with the dielectric
losses, reflection loss of multilayer structure is nearly the same with single
layered one with the same dielectric substrate height. If reflection loss is
denoted with L, then

L =max|/ | (6)
where 7/, denotes the reflection coefficient of co-polarization and L denotes

the maximum of the magnitude of the reflection coefficient of the co-

polarization.
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Considering the performance parameters, for wide band application, two layer
stacked patch configuration [8], [24], [25] is used for this design which offers
relatively high maximum phase range of reflection phase, low sensitivity, wide
bandwidth, low cross-polarization level and low reflection loss compared to the

single layer case.

2.4 Parametric Study of Unit Cell

In this section, results of the parametric study of the unit cell are given. The
aim of this study is to find the optimum unit cell dimensions and analyze the
effect of various parameters (unit cell size, patch size ratio, thickness of the
dielectric layers, dielectric constant and loss tangent, frequency sweep,
incidence angle) over phase and amplitude of the reflected field.

The configuration of the unit cell used in the parametric studies is given in
Figure 12 . In this thesis square shaped patches are used. W; and W, denote the
width of the patches. h; and h; are the thicknesses of the foams, which are used
as separators between the layers. t; and t; represent the thicknesses of the
dielectric material that supports the patches. To reduce the number of
unknowns, dielectric thicknesses and separator thicknesses are assumed to be
the same (h;=h,, t;=t;). ROHACELL® HF71 foam is used as separator and
ROGERS DUROID 5880™ is chosen as supporting dielectric material.
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Figure 12 Stacked patch unit cell side view

In the simulations throughout this section, center frequency 9.5 GHz is used.
Height of the dielectrics which support the patches are kept constant at 0.127
mm. Considering the parameter values (dielectric height, unit cell dimension)
in [1] and [25], initial values are chosen for the unit cell. In [25], design
frequency is 12 GHz, free space wavelength is 25 mm and unit cell dimensions
are 14 mm x 14 mm, which are slightly larger than the half of the free space
wavelength value. Therefore, initially, length and width of the unit cell are

chosen slightly smaller than the half of the wavelength in free space at 9.5

GHz, heights of the separators are set 3 mm as in [25], and patch ratios ( \% )
2

are selected as 0.7.

It should be noted that, since variable size patch technique is used, in all
simulations, patch dimensions are swept for each parameter explained below.
In each step, the best values found from previous steps are used and at the end,
the best dimensions for the unit cell are achieved. Initial values of the

parameters are presented in Table 1.
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Table 1 Parameters of the unit cell and their initial values

3 mm

0.127 mm

0.7

9.5 GHz

15 mm x 15 mm

Note that ‘patch length’ on the graphs denotes the lower patch dimension.

Since the upper and the lower patch lengths are related with Wy ratio, the
2

upper patch dimension is not mentioned throughout the study.

Simulated unit cell in HFSS® is shown in Figure 13.

> <>

Figure 13 Simulated unit cell structure in HFSS®
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2.4.1.1 Effect of the unit cell size on the phase of the reflected
field

In this section, effect of the unit cell dimension on the phase of the reflected
field is analyzed. Initial and swept parameters are presented in Table 2.

Table 2 Parameters in unit cell dimension simulation

4 mm
0.127 mm

0.7

9.5 GHz

0.3 — 0.651
with 0.05A steps

Simulation results of the parametric study on unit cell dimensions are shown in
Figure 14. It is observed that the smallest unit cell dimension should be 0.45 A
to cover at least 360° maximum range of reflection phase. In terms of
sensitivity, unit cells with 0.5 A to 0.65 A dimension offers less and nearly the
same slope so these dimensions are compliant with mechanical tolerances
compared with smaller unit cells. Results of the parametric analysis with

respect to performance parameters [33] are given in Table 3.
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Table 3 Maximum range of reflected phase, sensitivity, cross polarization level and
reflection loss versus unit cell dimension
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Figure 14 Variation of phase of reflected field with respect to patch length for different unit

cell sizes at 9.5 GHz (normal incidence)

From Table 3, R values are seemed increasing with the increase in patch

dimensions. But larger patches increase total antenna dimensions. Also
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sensitivity values are very close to each other but these values are decreasing
with increasing unit cell dimensions. Thus, to secure a 360° phase range and
have good Xy and s values, 0.5 A (16 mm) unit cell dimensions are chosen.

Xpor and L levels are very low so throughout the thesis these values are assumed
negligible.

2.4.1.2 Effect of the patch size ratio over the phase of the
reflected field

This section covers the effects of Wy ratio variation on the phase of the
2

reflected field. With all other parameters kept constant, only patch ratio is

changed. In this section, ‘r’ is used to denote the ratio. Constant and swept
parameters are shown in Table 4.

Table 4 Parameters in unit cell patch ratio simulation

hi=h; 4 mm

ti=1t 0.127 mm

- W, 0.45— 0.9
W, | with 0.05 steps

|
—h

9.5 GHz I

IdXXdy 16mmx16mm|
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Figure 17 Effect of the patch size ratios over the magnitude of the reflected field for 0.65

patch ratio (normal incidence)

Table 5 R and s values for different patch ratios

r R(°) |s(°/um)

|0.45 252.15 | 0.0399

Io.5 267.31 | 0.0399

|0.55 292.85 | 0.0395

I 0.65 | 362.48 | 0.052

Io.e 324.39 0.0834|

Io.7 393.3 | 0.068

0.75 | 419.59 | 0.0883

0.8 | 437.58 | 0.1053

0.85| 445.9 | 0.1309

0.9 [ 45545 | 0.1784
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From Figure 15, as ratio increases, maximum range of reflection phase also
increases but sensitivity decreases. The numerical results are presented in
Table 5. Since sensitivity is primarily important, choices are reduced to 0.6-
0.65 and 0.7 ratio values. From these three, most phase difference can be seen
in 0.7 ratio, so this ratio is chosen for the design. As seen from Figure 16 and
Figure 17, losses are negligible because the foam material has very low loss

tangent and the main losses in reflectarrays caused by dielectric losses.

2.4.1.3 Effect of the height of the dielectric layers over phase of
the reflected field

In this section, effect of the height of dielectric substrate over the phase of the
reflected field is investigated. It is known that microstrip patch antennas
operate in relatively wider frequency bands when dielectric substrate thickness
is increased [35], and from (2), in single dielectric layer, maximum range of
reflection phase is directly related with dielectric thickness. With those facts,
effects of height to bandwidth and phase range are studied.

Parameters and constant values for unit cell simulation are given in Table 6.
Phase and magnitude of reflected field simulations are presented in Figure 18
to Figure 24 for 9.5 GHz, 8 GHz and 10.5 GHz respectively.

Table 6 Parameters in unit cell substrate height simulation

I1mm-—5mm

h1 = hz .
with 0.5 mm steps
I H=t 0.127 mm I
W, 0.7
W, '
f 9.5 GHz

dy=dy | 16 mm x 16 mm

27



*—
-100 Lo
>
ﬁ -150
o
2 200
e}
Q
:é 2500 —e—h=1mm
f—_’ 3007%Hh=1.5mm
o “—h=2mm
1] -_—
& 359/| ©® h=25mm
o —+—h=3mm
-400 || h=35mm
h=4mm
450 —~  h=45mm R
h=5mm
-500 : :
6 7 8 9 10 11 12 13 14 15

Patch length (mm)

Figure 18 Effect of dielectric material height over phase of the reflected field (9.5 GHz,
normal incidence)

-0.008r o h=25mm

Magnitude of reflected field (dB)

% h=3mm
—<%—h=35mm
001 h=4mm
A h=45mm
7T h=5mm
-0.012 : :
6 7 8 9 10 11 12 13 14 15

Patch length (mm)
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normal incidence)

28



2507 o h=25mm NN AN\
+h=3mm RN

Phase of reflected field (deg)

30011+ h=35mm v W\:j
h=4 mm ;; R4
350H _ N7
4 h= 4.5 mm *
- h=5mm
-400 ‘ ;
6 7 8 9 10 11 12 13 14 15

Patch length (mm)

Figure 20 Effect of dielectric material height over phase of the reflected field (8 GHz,
normal incidence)

g
3 -0.015
2 | ||
g -0.02 T
5 —©—h=1mm
w5 -0.025F = h=15mm
8 —F—h=2mm
-‘2 003 ® h=25mm
g —#—h=3mm
= 0035+ h=35mm
>—~h=4mm
0.04) —~—h=45mm
—%—h=5mm

-0.045 : :
6 7 8 9 10 11 12 13 14 15

Patch length (mm)

Figure 21 Effect of dielectric material height over magnitude of the reflected field (8 GHz,
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Figure 22 Effect of dielectric material height over phase of the reflected field (10.5 GHz,
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The aim is to find the best unit cell which has the best performance parameters
thus height should be chosen to satisfy both maximum phase range and
sensitivity (since Xyo and L values are very low). For 9.5 GHz, maximum
range of reflection phase for different foam thicknesses and sensitivity values
are shown in Table 7. From this table, dielectric height between 2 mm and 4
mm seem suitable for the required phase range. The results also show that
sensitivity is decreasing with increasing dielectric thickness. Considering the
above two constraints 4 mm dielectric thickness is chosen for the unit cell.

Table 7 Difference of reflected phase of electric field of 15.5 mm and 6 mm patches at 9.5

GHz with corresponding foam heights

Height | R (°) |s(°/um)
1mm |346.54° | 0.1104
1.5 mm | 369.44° | 0.0849
2mm | 399.7° | 0.0918
25mm | 4185° | 0.0955
3mm |416.98°| 0.077
3.5mm | 410.27° | 0.07
I 4mm |[397.12°| 0.0655 I
|4.5 mm | 382.05° | 0.0669
5mm |364.43° | 0.0603

In order to synthesize any desired pattern, 360° or more phase range is
required. If 10% safety margin (considering mechanical errors) is added, nearly
400° of phase range is required. From Table 7, dielectric thicknesses of 2 mm
to 4 mm are seemed suitable. On the other hand, sensitivity is decreasing with

increasing thickness. Thus 4 mm dielectric thickness is chosen.
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2.4.1.4 Effect of dielectric constant and loss tangent over

frequency band and phase of the reflected field

In the previous sections, ROHACELL® foam material is used as separators. In
this section, the effects of permittivity and loss tangent of the dielectric
materials over phase design curve are investigated. To do so, different

dielectric materials are used in HFSS® database.

Dielectric materials and corresponding permittivity and loss tangent values
used in the study are listed in Table 8. Simulation setup values are given in

Table 9. As a reference, vacuum is also included in simulations.

Table 8 Permittivity values of dielectric materials used in unit cell simulations

Dielectric material | Permittivity (e;) | Loss tangent ()
Vacuum 1.0 0
ROHACELL" Foam 1.05 0.0002
Rogers Duroid 5870™ 2.33 0.0012
Rogers Duroid 5880™ 2.2 0.0009
FR4 4.4 0.02
Rogers Duroid 6010™ 10.2 0.0023

Table 9 S

imulation setup values

Ih1:h2 4 mm I

=t 0.127 mm I
W, 0.7
WZ
f 9.5 GHz
dxxdy | 16 mm x 16 mm
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From Figure 24, with increasing dielectric constant, phase design curve
becomes steeper and phase range becomes narrower. Comparing two layer unit
cell with single layer unit cell (Appendix-1), all the dielectric materials show

wider maximum reflection phase range except for FR4.

At first glance, it seems that higher permittivity means lower phase range when
air, foam, RO 5880, RO 5870 and FR4 are compared but RO 6010 refute this
idea. In addition, low loss RO 6010 material has nearly the same phase range
with air and foam, but due to high permittivity, high slope can be seen around
7-8 mm, which results less sensitivity and there is no linearity over entire patch

dimension range.

From Figure 25, Figure 26 and Figure 27, it can be seen that the efficiency of
the unit cell reduces when FR4 is used. Efficiency means the ratio of the
received power to the incident power. If loss tangent values are studied shown
in Table 8, one can conclude that high-loss FR4 material is very poor in
efficiency (both amplitude and phase) and gives very narrow phase range.

One more important concept that should be discussed in Figure 27 is, for air,
there is a decrease in the amplitude of reflected field with respect to increasing
patch size, which means that loss can be seen for larger patch dimensions. This
is because of the numerical errors of HFSS®. In HFSS®, if PEC is used instead
of lossy materials such as copper, this kind of numerical errors can be seen

very often (efficiency of the antennas may be greater than 1).

To conclude, higher dielectric constant materials affect linearity negatively and

low loss tangent values provide bigger phase range,[34].

35



2.4.1.5 Effect of the frequency sweep on the phase of the
reflected field

In this section for the best patch size ratio, dielectric constant and unit cell size
(i.e. the design with the most linear phase design curve with the largest phase
coverage), the frequency swept analyses are carried. Results of the frequency
sweep for different frequencies from 8 GHz to 12 GHz with 0.25 GHz steps are
presented in Figure 28. Simulation setup values in this analysis are shown in
Table 10.

Table 10 Simulation setup values

4 mm
0.127 mm

0.7

16 mm x 16 mm

1.05

From Figure 28, the difference of phases between two similar patches is greater
for larger patches depending on frequency. However these differences can be
acceptable and all of these lines can be assumed parallel to each other for
narrow band applications. But this may cause serious phase errors in wide band
applications or shaped beam antennas where small phase changes are very
important and intolerable. Maximum differences of phases are calculated for
the center frequency 9.5 GHz and presented in Table 11. As mentioned in
section 2.3 the error bound is chosen as 45°, then 8.75 GHz — 10.25 GHz band

is the operation frequency band for this unit cell.
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Table 11 Bandwidth of the unit cell

Phase difference (°)

S (GHz)

Phase difference (°)

84.06

9.5-10.25

44,71

72.48

9.5-105

58.84

59.22

9.5-10.75

72.04

44.98

95-11

83.47

30.78

9.5-11.25

95.16

15.51

9.5-115

105.6

15.43

9.5-11.75

115.78

30.62

9.5-12

127.63

Figure 29 presents the magnitude of the reflection coefficient in 8.5-10.5 GHz

band. Magnitude of the reflection coefficient for all patch lengths is very close

to 0 dB so it can be concluded that dielectric losses are negligibly small.
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Figure 28 Phase design curves for different frequencies ranging 8-12 GHz
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Figure 29 Magnitude of the reflection coefficient as a function of patch length for different

frequencies at normal incidence

The analysis carried in Appendix-1 on the single layer patches shows that the
resonance occurs where the phase design curve has the highest slope. A similar

case also appears for multilayer configurations.

Curve of the phase differences for the consecutive patch lengths (ex. 8mm -
8.5mm, 8.5mm - 9mm, etc.), as in Figure 30, shows that with increasing patch
length, the phase differences increase up to some value. After some point, the
phase differences begin to decrease. With increasing frequency this point shifts
to the smaller patch lengths as in Figure 31. The peak value of this curve
occurs where the slope of phase design curve reaches its maximum. This is a
similar situation that single layer patches show at the resonance. So one must

avoid from using these patch sizes in a reflectarray design.
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It is observed from Figure 32 that, with increasing frequency, phase change is
increasing with increasing patch dimension for normal incidence. For this
reason, smaller patches should be preferred at the center for reflectarray

applications.

2.4.1.6 Effect of various incidence angles over the phase design

curve

Due to the feed structure, the elements in the edge of the reflectarray cannot be
illuminated at normal incidence. Therefore in this section, effect of different

incidence angles over patch response is presented.
In this simulation, x-polarized plane waves with incidence angle 6 (angle from

z-axis) varying from 0° to 50° with 10° steps are used to illuminate the

patches, amplitudes and phases of the of the reflected fields are observed.
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These incidence angles are set by changing the phases of the slave boundary.
De-embedding is done and results belong only to the unit cell, not including the

air box where wave travels freely are calculated.
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Figure 33 Effect of different incidence angles on phase design curve at center frequency
(9.5 GH2)

From Figure 33, with increasing incidence angle, phase range is increasing but
the shape of the phase design curve does not remain as smooth as normal
incidence illumination. Also in the upper and lower bounds of the operating

frequency, this behaviour gets worse.

Since the deviation of the phase design curve with respect to incidence angle
becomes critical for 6-9 mm patches in center frequency, the elements with
these patch sizes are used at the center of the reflectarray where the

illumination can be considered as normal incidence.
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2.5 Conclusion

Unit cell dimensions that are used in reflectarray design are determined using
the results of the parametric analysis presented in this chapter. Dimensions of
the unit element and the dielectrics (Rogers RO5880) which support patches
are given in Table 12 and phase design curve of this cell at 9.5 GHz is

presented in Figure 34.

Table 12 Dimensions of the unit element

4 mm

0.127 mm

0.7

9.5 GHz

dy X dy | 16 mm x 16 mm

E¥oam 1.05

ERO5880 2.2

-50¢
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Figure 34 Phase of reflected field of the unit cell at 9.5 GHz at normal incidence

43



CHAPTER IlI

DESIGN OF THE REFLECTARRAY WITH
SHAPED BEAM

3.1 Introduction

In this chapter, feed antenna of the reflectarray is designed by considering the
antenna requirements. In order to illuminate the array, a horn antenna is
theoretically designed and simulated. Also, horn antenna is manufactured and
measurement results are compared with simulations. Two dimensional
amplitude and phase graphs of the horn antenna are obtained in order to use for

the final design of the reflectarray.

Phase compensation method, which is the most critical part in the design of the
shaped beam reflectarray is investigated in this chapter. Also, phase only
synthesis method based on genetic algorithm is explained and design procedure

of the reflectarray is introduced.

Requirements of the shaped beam reflectarray antenna are given in Table 13.
The most important requirement is to make the beamwidth of the reflectarray
antenna as wide as possible. (BW>10% ) By considering these requirements an
appropriate feed antenna is investigated. The preceding sections mention the

design, manufacturing and measurement procedures of the feed antenna.
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Table 13 Final design requirements

Frequency range 9 GHz - 10 GHz (%10 Bandwidth)

Cosecant square in azimuth,
Beam shape

pencil in elevation

Edge Taper -10 dB in azimuth plane

Ripple in cosecant area +1 dB

Side lobe level <-15dB

Azimuth plane dimension 30 - 40cm

3.2 Feed horn

Before starting the design of the reflectarray feed antenna, several horn
antennas are considered. First of all, some commercial standard gain antennas
are studied but these are not suitable as a feed of the reflectarray. For example,
a standard gain (20 dB) horn antenna with 9 cm x 12 cm aperture has about
1.5 m far field at 9.5 GHz. At the far field, 10 dB beamwidth of the antenna
corresponds to a circular region with 1m diameter and it is much larger than the
size of the reflectarray. Therefore, it causes high spillover and reduces the
efficiency of the reflectarray. On the other hand, low cross polarization levels
are achieved with high gain antennas [8]. Since low cross polarization is not

the primary target, using a horn antenna with smaller aperture is considered.

Thus, a feed horn is designed with wide beam and low gain to satisfy the
predetermined amplitude taper over the reflectarray surface. Since all horn
antennas have amplitude taper, only constraint in the design is to obtain the

desired beamwidth.

For a good illumination of the designed reflectarray, a feed horn with 50° 10dB

beamwidth and with a short far field distance is required. Also, to increase the
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efficiency of the reflectarray, return loss should be minimized. In addition, in
the operating frequency of the reflectarray, constant beamwidth and constant
gain is expected. By considering all these requirements mentioned above, a
rectangular horn antenna [35] is designed and fabricated. Dimensions of the
horn antenna are shown in Table 14 and in Figure 35. The simulation result of
the reflection coefficient is given in Figure 36. The feed antenna is fed with
standard WR90.

Table 14 Feed horn dimensions

Aperture width (A) 30 mm

Aperture height (B) | 30 mm

Antenna length (Ha) | 70 mm

Input port width (a) | 10.16 mm

Input port height (b) | 22.86 mm

A
Y

Figure 35 Feed horn dimensions
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Figure 36 Magnitude of the reflection coefficient of the horn antenna versus

frequency

Simulations and measurements of the radiation pattern of the feed antenna are
shown in Figure 37 to Figure 41. Measurements have been performed in a
tapered anechoic chamber. There are some notches seen on the main beam.
These are the measurement errors and caused by the measurement program
(Network analyzer missed the data). The shape of the main beam is exactly the
same with the desired pattern, including 10 dB beamwidth. If the coordinate
system in Figure 42 is considered, reflectarray is placed in the XY plane and
cosecant square beam is synthesized in the YZ plane. Measurements of the YZ

cut are presented in Figure 37 to Figure 41 (¢ = 90° plane).
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Figure 38 Normalized pattern of the feed antenna at 9 GHz
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Figure 40 Normalized pattern of the feed antenna at 10 GHz
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Figure 41 Normalized pattern of the feed antenna at 10.5 GHz

Considering the X-band waveguide dimension and the TE;o mode excitation,
radiation box of the horn drawn as if there is a reflectarray in its exact position
and that box covers the feed. Also due to the electronically large simulation
setup, E-field symmetry boundary is used and all of the simulation setup is
divided into two equal pieces. Simulation setup of the horn is shown in Figure
42. Simulation results of the horn antenna in $=90° and ¢$=0° planes are shown

in Figure 43 and Figure 44.
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Figure 43 Far field radiation patterns of simulated horn antenna in ¢=90 °plane, between
frequencies 8.5 GHz and 11 GHz with 0.5 GHz steps
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Figure 44 Far field radiation patterns of simulated horn antenna in ¢=0°plane, between

frequencies 8.5 GHz and 11 GHz with 0.5 GHz steps

It is observed from Figure 43 that, 10 dB beamwidths and gains do not change
significantly throughout the operation band, which is presented in Table 15.

Thus, this horn can be used as a feed in the reflectarray.
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Table 15 10 dB beamwidths and gain values of the designed feed horn antenna

Frequency | 10 dB beamwidth | 10 dB beamwidth Cross-pol
(GHz) at $=0° cut at $=90° cut level (dB)

8.5 58.7° 65.3° : -42.8

55.2° 63.6° : -39.49

52.94° 62.4 -38.48

51.4° 60° -36.77

48.87° 57.49° -38.36

46.56° 55.86° -35.23

3.3 Magnitude and phase distribution of the field on the

reflecting surface

In reflectarrays, amplitude of the electric field on the reflecting surface, created
by the feed antenna, should be calculated. Especially calculating the amplitude
of the electric field is very important when ‘phase only synthesis method’ is
used, because if the amplitudes are not correct, phases cannot be found

accurately. For this reason, amplitudes should be determined with simulations.

First way of determining the amplitudes is using the far field data. In this way,
far field pattern is calculated and amplitudes over individual patches are
determined. But this method is not very suitable because although the distance

2

between the feed and the array satisfies the far field criteria ( 2

), the pattern

2

at and at infinity may differ. Therefore, using the near field data of the

feed horn gives correct results. For this reason, in this study, near field patterns

are used. Amplitudes of the radiated electric fields of the feed antenna are
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determined over the patches. These values are used in the phase only synthesis
code. The amplitudes of the patches in the middle row are given in Table 16.

Table 16 Amplitude level of electric fields on the patches (V/m)

15" patch | 0.91 | 22" patch

9™ patch | 0.73§ 16" patch | 0.82 [ 23™ patch

10™ patch | 0.82 § 17" patch | 0.73 [ 24™ patch

11" patch | 0.91 § 18" patch | 0.63 [ 25™ patch

12" patch | 0.97 § 19" patch

13" patch 20™ patch

14™ patch | 0.97 f 21% patch

In Figure 45, 2D amplitude distribution of the feed horn over the planar array is
shown. In this figure, each cell represents unit cell location; numbers below
and at the left side represent column and row numbers, respectively. Coloured
bar next to the figures shows the normalized amplitude distribution. As
expected, amplitude values are much higher at the middle when compared to
the ones close to the edges. Since the design requirement is to achieve -10 dB
amplitude values at the edges of the array, rows and columns before 6" and
after 19" can be omitted. This cancellation is done not only for the
requirements; but also for the fact that the effect of those patches to reflectarray
pattern is negligible. The synthesis code uses phase only synthesis method and
is applicable for 1D arrays. In this synthesis method, it can be easier to find

shaped beam pattern if there is amplitude taper over elements.
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Figure 45 Normalized surface amplitude distribution of the feed horn over the planar array

(x-axis directed)

Figure 46 shows the y-axis directed fields (cross polarization component). As
expected, amplitude level of the electric field is very low in this region,

because horn antenna has low cross polarization level in principal planes.
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As can be seen from Figure 45 and Figure 46, x-directed and y-directed fields
have amplitude values very close to each other in the edges of the array. Phase
distribution due to the feed horn over the patches is shown in Figure 47. Phase
change between adjacent patches in the middle is about 10° so the phase
change can be ignored in the vicinity of the 13" line, which is in the middle of
the array, so it is advisable to construct an array for the 13™ line and copy
between 11™-15" or 10™-16™ lines. After this step, a new line can be

synthesized and can be used for 2-3 lines both up and down.

3.4 Cosecant square beam synthesis by phase only synthesis
method

In a reflectarray, to achieve cosecant square beam pattern, the phase only
synthesis method is applied because the amplitude values cannot be changed.
There are several different techniques using phase only synthesis method [36].

From those methods, genetic algorithm is chosen for this thesis.

For the synthesis of a cosecant square beam, phases of the patches are found by
using the genetic algorithm in a MATLAB code [37]. In this algorithm,
regardless of the patch shape, phase of every single patch element is evaluated
under the assumption of plane wave incident on each patch so there is no
amplitude taper over any individual element. Other assumption is that, since
the microstrip patches have broad beam, there is no amplitude reduction after
reflection in any angle of interest. Phase compensation is applied to all
elements in the array, which is described in the next section. Also from Figure
45, amplitudes are chosen for the middle line, synthesis is performed and
phases are obtained. These obtained phases are used for seven rows in the
middle, i.e., for the lines numbered from 10 to 16 because there is no
significant variation between amplitude values. Also synthesis process takes
approximately 1 day so 1 week is needed to find the individual phases for the
whole array. Then amplitude values of the 5™ row (from the middle) are taken

and new synthesis is done. Those new phases applied to rows 7-9 and 17-19.
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Phases of the individual patches for the center rows are given in Table 17.
These values are raw phase values in degrees that should be modified and used
in the reflectarray design.

Table 17 Phase values found from genetic algorithm code

1 lisz2s| 8" [gsoa| 157 |sases| 227 | 326
patch patch patch patch

nd th th rd
2 12472 9 6s.03| 16 |31465] 23 320.3
patch patch patch patch

rd th th th
3 174l 100 Jas2| 7 |27213] 24 311.8
patch patch patch patch

th th th th
4 110551 11 4819] 18 235.28] 2° 257.95
patch patch patch patch

5% 111085 12" |2288] 19" | 4252

patch patch patch
th th th
6 12055 13 Juaar] 20 17
patch patch patch

th th st
7 g7e7| 14 1134 21 320.32
patch patch patch

3.4.1 Genetic algorithm based phase only synthesis method

In genetic algorithm, any dataset is called individual. These individuals are
expressed with bits, which are thought to be chromosomes that give the
characteristic of each individual. Those individuals form small groups, named
subpopulation. Subpopulations are composed of the same number of
individuals. In this group, individuals are used to produce new datasets,
labelled as children. In this structure, mutation can be seen in some individuals’
chromosomes rarely, which may change the characteristic drastically. Then
these subpopulations form the complete population. The best individual, which
means the best dataset that best fits the desired pattern, is chosen. Figure 48

illustrates the process.
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Figure 48 Genetic algorithm structure
In MATLAB code used in synthesis, each phase is represented with 7-bits. It
means that 360° of complete phase is divided into 2’ equal parts and has

2.8125° of resolution. For the unit cell chosen, since 0.263 mm error in patch
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dimension in the center frequency causes 3° of phase deviation, this resolution
seems to be enough for this application. As mentioned earlier, individuals
represent datasets; in this synthesis, this dataset is the phase of 25-elements in
the reflectarray. As a result, each individual contains 25 x 7 = 175 bits string.
Next, for each subpopulation, 1200 individuals are chosen randomly by the
code. There are four subpopulations thus total of 4800 individuals are chosen.
These individuals are used to compute the radiation pattern and this pattern is
compared with the predetermined pattern. This predetermined pattern is
divided into some regions as shown in Table 18 and Figure 49.

Table 18 Synthesis code regions (numerically)

1% region | -90° - (-30°) Far side lobe region in the left

2" region | -30°-(-1°) Near side lobe region in the left

3%region | -1°-(1°) Main beam increase region

4" region | 1°-(5°) Tip of cosecant square beam

5" region | 5°-(20°) Main cosecant beam region

6" region | 20° - (36°) Main cosecant beam region

7" region | 36° - (38°) Cosecant square decrease region to right
hand side lobes

8" region | 38°-(90°) Far side lobes in the right
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Figure 49 Synthesis code regions (graphically)

In Figure 49, there are three parallel lines with blue, cyan and black colours.
These lines constitute a mask for the synthesis code. Cyan coloured line
represents the desired pattern and other two represent the error in synthesis. In
the synthesis code, this error is 1 dB and other two lines have 1 dB difference
in any region with the desired line. This mask is important in 3", 4™ 5" "
and 7" regions. In other two regions, it is nearly impossible to synthesize the
pattern in predefined mask so these two regions just limit the maximum side

lobe level.

Three important genetic algorithm concepts, fitness, error and weights are
defined as follows. Weights are used to arrange the regions according to their
importance. In this synthesis, weights of 5™ and 6™ regions are relatively high
with respect to other regions. Also at first, these two regions are united but
since this region has high importance, a point between 5° and 36° is chosen and
optimization is performed here. Error means that the total of differences of the

amplitudes between the desired pattern and the synthesized pattern multiplied
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by the weights in each angle. Generally, error is set to a very low value and it is
not possible to reach this value. In this synthesis, this value is set to 0.01.
Fitness represents the proximity of the desired pattern and the achieved pattern.
This value is the inverse of corresponding error. For example, if the error
values for three individuals are 50, 100 and 15, then the corresponding fitness
values are 0.02, 0.01 and 0.06667. Higher fitness value shows that the
synthesized pattern is closer to the desired pattern than the others. Next, best
individuals denoted as elite selection are chosen in subpopulation and put in a
pool, and using all individuals, including the best individuals, children are
formed. These children have two randomly chosen parents from subpopulation.
When two parents are picked, there is a number generated by the code between
0 and 1, and this value is compared with “the probability of crossover”. This
value is set to 0.8-0.9, because it is needed to mate parents but a small
probability is introduced for non-mating. If crossover operation is selected,
from those parents, one random bit and the bit string before this bit are selected
from first parent and similarly one random bit and the bit string before this bit
are selected from the second parent and these two strings are crossed over. This
step is shown in Figure 50. If there are 360 individuals are preselected, 840
children are formed. Thus new subpopulation is composed of 1200 individuals.
This process is done sub-iteration number times for all subpopulations. In the
next step, equal number of individuals is taken from each subpopulations and
population class is formed. By applying a number of times of iteration, forming
children operation is performed. In this step, the best individual, in other words
the one has best fitness, is chosen. This length of the whole process depends on
both the loop iteration and iteration number. The individuals are found after all
loop iterations are performed. These individuals are compared by their fitness

and the best individual is chosen.
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As described above, all processes include probability. Also there is an
additional probability process used in this code. It is called mutation. Mutation
is done with a very small probability and inverts 4 bits’ value (i.e. 1 to 0 or vice
versa) for predetermined number of mutants. Mutants are selected randomly
after each reproduction stage. At mutation stage, reproduced individuals are
selected among subpopulations or population. These mutant numbers are
determined at the beginning of the code. At this stage, the code randomly
generates a number between 0 and 1, and if this value is smaller than the
“probability of mutation”, then mutation is done. Typically, this probability is
set to a low value.

Table 19 Parameters used in genetic algorithm code

Error limit 0.01 I Global mutant parent number | 400

Loop iteration 20 I Mutant bit number 4

Antenna number 25 I Probability of mutation 0.2 I

Subpopulation density 1200| Global probability of mutation | 0.3 I

I Subpopulation number | 4 I Probability of crossover 0.8 I

I Population density 1000I Elite selection 0.3 I
Sub iteration number | 200 Amplitude bit number 1
Iteration number 400 Phase bit number 7
Selection threshold org | 4.1 Phase upper value 21
Mutant parent number | 200 Phase lower value 0
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3.5 Phase compensation

Reflectarrays are illuminated with a feed horn similarly as in reflector
antennas, which radiate spherical waves. Since reflectarray is a flat structure,
these spherical waves cause phase taper starting from the middle and achieve
its peak at the edge of the array given in Figure 51. In other words, since the
waves are spherical, because of the path difference from the phase center of the
feed to the array elements, phases of incoming electric fields’ to elements in
the array are lagging depending on the position of elements in the array. Thus,
the array design which is done assuming plane wave incidence must be

modified. Graphical representation of these phenomena is shown in Figure 51.

Spherical wave

Feed

Reflectarray

Figure 51 Reflectarray structure

Throughout the derivations, the phase in the middle of the array is the reference

point. It is important to note that feed is located across the middle of the array.
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In the beginning, maximum phase difference caused by the path difference
which is the red line in Figure 51 should be found. Phase difference between
any patch and the center element can be found by replacing the D in (7) with
the distance of the observed patch to the center element

(omax:k*[sz_'_DTz_FJ (7)

where dmax 1S the maximum phase that should be compensated, k is the wave
number, F is the focal distance and D is the maximum antenna diameter. ¢@nax
dependence on F and D are presented in Figure 52 and Figure 53, respectively.
For 2D arrays, phase of each cell with a coordinate (x,y), if the center element
is in the origin, is that:

gomaxzk*(,/F2+x2+y2—F) (8)
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Figure 52 Effect of focal distance on gnax (D=400mm)
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From Figure 53, if the focal point remains constant, with increasing antenna
diameter, ¢max increases. This is obvious because angle of incidence increases
with higher D. In Figure 52, with constant antenna diameter and increasing
focal length, ¢max decreases. This result is consistent with the previous one; if
the diameter remains constant, far focal point means a decrease in the angle of
incidence for elements at the edges of the array. Thus smaller phase difference

is observed.

Since these parameters cause difficulties for optimizing the design, using %

ratio would be better. Modifying (7) results,

(9)

(9) implies that high % ratio reduces @max-

In wideband applications, ¢max may give intuition about bandwidth, as shown in

following derivation.

- (10)

In (10), if @max IS evaluated for two frequencies namely f; and f,, then

bandwidth can be predicted within a given limit of ¢nax difference.

Next step is to find the total phases that should be used in the reflectarray. To
do so, phase values in Figure 54 and Table 17 should be combined.
In Figure 54, calculated phase values are negative, which shows that incoming

wave is incident upon the patch with some delay with respect to reference
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patch. Thus, this lagging phase should be compensated for each patch and

phase values in Table 17 should be applied to phases of corresponding patches.

3.6 Design method and simulations with results

Synthesis code is used to find the phases of one row with 25 elements. From
Figure 45, it is concluded that adjacent rows of the center row are illuminated
with nearly the same amplitude level. Thus, reflection phases for the center
row, which are found with the phase only synthesis method, are used for the
adjacent rows of the center row. Simulations are performed and it is seen that
the results are better than the previous ones. Then it is continued to apply the
same procedure, i.e., additional two rows are added, one in each side and
simulations are made. Until the design with seven rows, reflectarray
performance increases after the addition of rows in each step. Then two rows
are added and the new design has nine rows. But the simulation results of
seven rows reflectarray are better than the nine row reflectarray so it is
concluded that, the change in amplitude levels for the last two rows are very
critical. Thus one more synthesis is done. It should be noted that, in all steps
phase compensation is applied. So new phase set is synthesized using the
second amplitude set, which covers the amplitudes of the 6™ row from the
center. Moreover, phase compensation is applied to this row and adjacent two
rows in both side, forming the 5, 6™ and 7™ rows in each side with respect to

the center row.

It is seen from Figure 43, horn antenna has nearly the same radiation pattern in
the entire frequency band of operation. Thus, amplitudes of the electric field
intensity over the patches at different frequencies remain nearly constant; only
phase changes as a result of the spatial phase delay. As a consequence, main
lobe peak level remains almost the same in the operation band but this phasing
effect can be seen in lower-amplitude part of the main beam. If one can adjust
the feed distance depending on the frequency, operating frequency band

increases.
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To find the patch dimensions, after phase compensation, required phase values
are mapped to a phase region from 0° to 360°. Best fitted patch sizes are
chosen from the phase design curve that provides required phase differences
between adjacent elements. After selection of the patch sizes, full reflectarray
including the feed horn is simulated by HFSS®.

In the reflectarray simulation, symmetry boundary is used in the YZ-plane
because the array is electrically large and it will require super computers to
perform full wave simulation. Simulation setup for the reflectarray in HFSS® is
shown in Figure 55. Simulated far fields are plotted in Figure 56, Figure 57,
Figure 58 and Figure 59 for different frequencies.

0 150 300 {rarm)

Figure 55 Simulated final design
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3.7 Design of a fixed rotated beam reflectarray

As another application, a reflectarray with a fixed rotated beam is designed.
An array of the same dimensions and number of patches is aimed. This array is

capable of rotating the beam to a fixed angle, 30° from broadside.

In array theory, to rotate a beam from broadside direction to a desired
direction, progressive phase shift should be introduced. In Figure 60, this phase
shift is applied to compensate the phase difference caused by |AC|, assuming

the rays are parallel to each other. Thus,
k*d*sin(0)=-2, (12)

formula is applied and progressive phase shift value (/) is found for 9.5 GHz.

k, d, @and £, values are shown in Table 20.

Figure 60 Progressive phase shift
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Table 20 Progressive phase shift and beam rotation values for different frequencies

9 GHz 9.5 GHz

10.8 °/mm | 11.39 °/mm

16 mm 16 mm

91.14° 91.14°

31.8° 30°

In this application, it is assumed that the progressive phase value is the same in
all three frequency cases because this array is designed for the center frequency
(9.5 GHz) and the phase differences for adjacent patches are adjusted for this
frequency. That means, constant phase difference is applied to all patches,
assuming the phase differences do not change critically when the frequency
changes. Using the same design procedure, appropriate patch dimensions are
selected using the phase design curve. Then full reflectarray is simulated.
Simulation setup for this array is shown in Figure 61 and results are given in
Figure 62. It is observed from Figure 62 that the main beam is shifted smaller
than £2.5° in the frequency band. The change in the spatial phase delay causes
beam tilt but £2.5° shift is tolerable in %10 frequency band.
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3.8 Conclusion

Feed horn design is introduced in this chapter. Also results of the simulations
and measurements are compared. Cosecant square beam synthesis code is
explained briefly and required reflection phases are found. Using spatial phase
distribution of the horn, phase compensation is performed and the reflectarray

is designed and simulation results are presented.
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CHAPTER IV

PRODUCTION OF THE REFLECTARRAY
and MEASUREMENTS

4.1 Introduction

Stacked patch unit cell simulations for the suitable unit cell configuration is
presented in Chapter Il. Then simulations and measurements of the designed
feed horn are given in Chapter I1l. Moreover, phase compensation concept is
presented and the phases of each patch are found. Using the phases obtained
from phase only synthesis method and phase design curve, the reflectarray is
designed. Then this reflectarray is manufactured and measurements are
performed. Measurement results compared with simulations are given in this

chapter.

4.2 Production and measurements of the reflectarray

A 25 x 13 element reflectarray is designed in section 3.6. Feed antenna is
produced in 5D CNC machine, which is capable of moving in X, y and z
directions as well as ¢ and 6 angles. Feed horn is produced as two separate

pieces and these parts are connected via many screws.

4 mm foams are produced by trimming foams with 7 mm thickness. On the
other hand, metallic patches on the thin dielectric layers are manufactured with
photo-lithography technique. These materials are connected to each other with
very thin double sided tape. In order to place and hold the feed antenna in its

correct position, a metal support part is fabricated. This support part consists of
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many smaller parts and these small parts are attached to each other via screws
to adjust the feed horn position because of possible placement or

manufacturing errors.

Produced reflectarray has been measured in Satimo Starlab spherical near field

range of Aselsan Inc. Photographs of the measured reflectarray and Satimo

Starlab spherical near field range are shown in Figure 63, Figure 64 and Figure
65.

Figure 63 Satimo starlab spherical near field and reflectarray measurement setup-1
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Figure 65 Satimo starlab spherical near field and reflectarray measurement setup-3
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In this section, measurements in spherical near field range and simulation
results are compared. For comparison, all patterns are normalized. Gain data is
given in Table 21. Simulations and measurements are presented with 100 MHz
steps, from 8.5 GHz to 10 GHz and are plotted in Figure 66 to Figure 97. Cross
polarization levels for 9.2 GHz in azimuth and elevation cuts are given in

Figure 97 and Figure 98 respectively.

79



0 \

Measurement
5 Simulation
-10 \ \
-15 V ‘\

Amplitude (dB)
woN
o [6)]
>
N —
<—_’—’>

o
a1
=>
\\ ‘
“\

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 66 Normalized pattern of simulated and measured reflectarray at 8.5 GHz (azimuth
cut)

0 ‘

Measurement

5 A . .
Simulation

N N
a o
e 2}}

L
—
——
P <’-_
I
>

T
g | I L
LA V | !

0
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 67 Normalized pattern of simulated and measured reflectarray at 8.5 GHz (elevation
cut)

80



0 ‘
Measurement
Simulation

s
o o
—_—
<

—

]

N T
| \,»W %

{i | !
V

0
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

—

Amplitude (dB)
N
[6)]
>

ﬁﬁ>

Figure 68 Normalized pattern of simulated and measured reflectarray at 8.6 GHz (azimuth
cut)

0 ‘
Measurement
5 Simulation
-10

R, AN

Amplitude(dB)

N
[6)]

—

=S

—

—

<

0
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 69 Normalized pattern of simulated and measured reflectarray at 8.6 GHz (elevation
cut)

81



0 ‘
Measurement
Simulation

5 5
=
=

N \ A

—
—

Amplitude (dB)
Ny
[6)]
=

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 70 Normalized pattern of simulated and measured reflectarray at 8.7 GHz (azimuth
cut)

0 T T
Measurement
Simulation

M o
B A VAT D YRR
A0 "
-40 -I‘

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

-
L —
-

Amplitude(dB)

Figure 71 Normalized pattern of simulated and measured reflectarray at 8.7 GHz (elevation
cut)

82



0 \

Measurement
5 Simulation
-10
15 A [

A
/

—
—d
)
—

<

S\

TR

(AL A V
|

—=

Amplitude (dB)
N
[6)]

L

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 72 Normalized pattern of simulated and measured reflectarray at 8.8GHz (azimuth
cut)

0 ‘
Measurement
Simulation

i '
o &
—

—-—

\__D
——
—
==
>
—

Amplitude(dB)
N
[6)]
: i \>
T—

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 73 Normalized pattern of simulated and measured reflectarray at 8.8 GHz (elevation
cut)

83



0 ‘
Measurement
Simulation

It
- I r\\‘ | | NWV'Q\
Wb ul I

i |
-45 ! /
|

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

—

<

Amplitude (dB)

——

Figure 74 Normalized pattern of simulated and measured reflectarray at 8.9 GHz (azimuth
cut)

0 ‘
Measurement
Simulation

N N
_ZJ ﬂvl\/\t\VV /A

\A

& b5
[
>
);
=
mr——
_——
=

Amplitude(dB)

=351

-45 I |

-50
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
0° (deg)

Figure 75 Normalized pattern of simulated and measured reflectarray at 8.9 GHz (elevation
cut)

84



0 ‘
’\ Measurement
Simulation

5 5
s_/-
ey

Amplitude (dB)
N
[6)]

< T

<
—

L

|

“Wh L vﬂ%\nﬁ"
|

0
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 76 Normalized pattern of simulated and measured reflectarray at 9 GHz (azimuth
cut)

° M;asurement
-5 ‘l Simulation
-10 /J ”‘\
15 A -
ol r V\ A MW,
=N T W Tl 1
= { [ J !
5-30’ f \
s HHH
40| |
-45

-50
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
0° (deg)

Figure 77 Normalized pattern of simulated and measured reflectarray at 9 GHz (elevation
cut)

85



0 ‘
7\ Measurement
Simulation

Amplitude (dB)
5
—
=_
=
=
=
-~
—

o\ [ , W
VAoV | LN A LY
Y l Wy

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 78 Normalized pattern of simulated and measured reflectarray at 9.1 GHz (azimuth

cut)
0 \
m Measurement
-5 I v Simulation ||
-10 v\
-15 O !
e VM () M,
AT AYAR (IR A vl
1 LN Y I
) TiR il
-35 1
| | |
Il
-45 '
-5-(i80 -150 -120 -90 -60 -30 0 30 60 9‘0 120 150 180

0° (deg)

Figure 79 Normalized pattern of simulated and measured reflectarray at 9.1 GHz (elevation
cut)

86



w W \ ( \I ' | N
AL RV NI
JRTAVER !

-45

0 T T
T\ Measurement

-5 \A Simulation
-10
b/

m -20 A

< i

g N [ AN

E 25

=

€

<

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 80 Normalized pattern of simulated and measured reflectarray at 9.2 GHz (azimuth
cut)

0 ‘
/N Measurement

Simulation

=

-10

I

X |
RRACYE W ne
AVAURYa Y M\“{a./\ﬂ

| L | i
| |

-40

——
- <
=

Amplitude(dB)

-45

-50 ‘
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
0° (deg)

Figure 81 Normalized pattern of simulated and measured reflectarray at 9.2 GHz (elevation
cut)

87



0 ‘
7\ Measurement

5 \/\ Simulation
10

N 1

g -20 (\

§ .25 J f f\
£

<

\ \
::ZV\/ {f\ I ( 7\\\ "
W \ |

-45 |

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 82 Normalized pattern of simulated and measured reflectarray at 9.3 GHz (azimuth
cut)

0 ‘
Measurement
_5 "
-10

Simulation
-15 /\
-20
| MV

301} '

35 f

<
—

S
—=

N

N YA N

e

-

Amplitude(dB)

—_—
—=—:

-40

——
——

-45

-50
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
0° (deg)

Figure 83 Normalized pattern of simulated and measured reflectarray at 9.3 GHz (elevation
cut)

88



0 ‘
“ Measurement
Simulation

Amplitude (dB)
N
[6)]
-~
—
=
>

L VR
= [ A

5
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 84 Normalized pattern of simulated and measured reflectarray at 9.4 GHz (azimuth

cut)
0 ‘
lz ‘ St
-15 )
= 20 AV f "
g 5 W\ V\f U N | n
I Tt T

'30 ' ‘ ’ L] v

-35 v '

-40 |

-45 '

-50

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
6° (deg)

Figure 85 Normalized pattern of simulated and measured reflectarray at 9.4 GHz (elevation
cut)

89



0 ‘
“ Measurement
Simulation

S

Ny

Amplitude (dB)
N
[6)]

A
S
=
<
-
—
—

5
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 86 Normalized pattern of simulated and measured reflectarray at 9.5 GHz (azimuth
cut)

0 ‘
Measurement
-5 Simulation
-10
-15
20 \ .A A

sl (.

Amplitude(dB)

-
> —
—

11
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
0° (deg)

Figure 87 Normalized pattern of simulated and measured reflectarray at 9.5 GHz (elevation
cut)

90



0 \

Measurement
-5 \ Simulation
-10 A
5 I\
g -20 ‘u/ h
o Ml 1 N
= ‘
£ 30\l ; l‘r' \ A \ 1
-35 -
-40 '
-45

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 88 Normalized pattern of simulated and measured reflectarray at 9.6 GHz (azimuth
cut)

Measurement
Simulation

5 &
e

Amplitude(dB)
N
[6)]
s
—_—
\
=
|

-50
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
0° (deg)

Figure 89 Normalized pattern of simulated and measured reflectarray at 9.6 GHz (elevation
cut)

91



0 ‘
n Measurement
5 \ Simulation
-10 A
.15 \
@ -20 I f
3 Ml \ \ f(\
:% -25 A ' AN
| 1
E 30 . v \ A

0
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 90 Normalized pattern of simulated and measured reflectarray at 9.7 GHz (azimuth
cut)

0 ‘
I\ Measurement
_5 H

Simulation

5
=
=

—
-—
<
-
I

=

Amplitude(dB)
NN
[6)] o
>
—
-
— -

IR

. | \‘ L ‘ m

0
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 91 Normalized pattern of simulated and measured reflectarray at 9.7 GHz (elevation
cut)

92



0 ‘
m Measurement
. Il *

Simulation
-10 A
-15 \
g -20 v
g 2 e | NwA
B o\ /) \ / UV Y
V Y

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 92 Normalized pattern of simulated and measured reflectarray at 9.8 GHz (azimuth
cut)

0 ‘
A Measurement

Simulation

N

AT I
|

-45 " '
|
6

i

Amplitude(dB)
N N
[6)] o (6]
>
>
—
——
=
— =,
|

50
180 -150 -120 90 60 -30 0 30
0° (deg)

0 90 120 150 180

Figure 93 Normalized pattern of simulated and measured reflectarray at 9.8 GHz (elevation
cut)

93



0 ‘
m Measurement
5 Simulation
_10 A
-15 f A\

A m 1A A

N,

Amplitude (dB)
N
[6)]
i
I

|
\'J

I
| v

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 94 Normalized pattern of simulated and measured reflectarray at 9.9 GHz (azimuth
cut)

0 ‘
Measurement
Simulation

25 N \

Amplitude(dB)

-50
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
0° (deg)

Figure 95 Normalized pattern of simulated and measured reflectarray at 9.9 GHz (elevation
cut)

94



Measurement
Simulation

Amplitude (dB)
NN
[6)] o

f
AN

A

o ol
T ——

—

<

\
W
|

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 96 Normalized pattern of simulated and measured reflectarray at 10 GHz (azimuth
cut)

0 ‘
Measurement
Simulation

= ,

o [6)]
I S —

_-/_—;

=
=

5
=2
—

Amplitude(dB)
N
[6)]
=3

-50
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
0° (deg)

Figure 97 Normalized pattern of simulated and measured reflectarray at 10 GHz (elevation
cut)

95



5 !\ Gy 4=0°
0 \I\ G¢¢=900
I

@ -20 A \m

g-zs N F V AoA N

R Y P L

) a5t /\A/H | BN v\
AV . U] IR
T YRR )
L] 1YL

[0]
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
0° (deg)

Figure 98 Cross polarization level of measured reflectarray at 9.2 GHz (azimuth cut)

0
G, $=0°

1(5) J G, $=90°
-15 { Un\

D 20

g_% \ m. A

B AR an Ml
) o\ |

2 R
LI 1\ A
MvTA LY ALY
M | A

50
180 -150 -120 90 60 -30 O 30 60 90 120 150 180
0° (deg)

Figure 99 Cross polarization level of measured reflectarray at 9.2 GHz (azimuth cut)

Gain values of the reflectarray are given in Table 21.
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Table 21 Gain of the reflectarray

Frequency (GHz) | Gain (dB, Measurement) | Gain (dB, Simulation)
8.6 20.77 22.9
8.7 21.5 23.4
8.8 22 23.8
8.9 22.4 24.1
9 22.8 24.3
9.1 22.4 24.4
9.2 22.3 24.6
9.3 22.5 24.8
9.4 22.6 24.9
9.5 21.9 24.9
9.6 21.3 24.6
9.7 21.2 24.2

In general, there is a good agreement between simulation and measurement
results in azimuth cut; maximum of 5 dB amplitude difference can be seen
between simulated and measured data in entire band. In elevation cut,
measured radiation patterns are not symmetric. This is because of asymmetrical
feed support structure. This part is not included in simulations so simulation
results are symmetrical. In first configuration, feed supporting structure is as
shown in Figure 63 - Figure 65. There is a notch seen in 22° in azimuth cut in
measurements. Then, this configuration is simulated (including the feed
supporting structure) same notch is seen in exactly in the same place. Thus, this
structure is taken backwards about 15 cm and covered with absorber, shown in
Figure 101. In the next measurements, this notch is disappeared as given in

Figure 66-Figure 97.
Radiation patterns of sector -10 to 40 degrees are plotted to concentrate on the

cosegant square part. Measurement and simulation results for the azimuth cut

are compared in Figure 100 for verification purposes. It should be noted that
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the cosecant square region is between 3° and 33°. When this region is

examined, a good agreement is observed.
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Figure 100 Normalized pattern of simulated and measured reflectarray at 9.2 GHz (azimuth
cut)

Compared with the performance of wideband reflectarrays in literature [1]-[4],
better performance is achieved with presented reflectarray. Thus, 8.6 — 9.7 Ghz
band is seemed suitable to define bandwidth, and in percentage the bandwidth
is nearly %12. Due to mutual coupling of the elements in the realized
reflectarray, phase distribution on the reflectarray surface can be different than
the required one. Thus, after synthesis procedure, dimensions of each stacked
patch should be optimized to achieve the synthesized phase distribution. To
achieve this, near field diagnostic tools can be combined with optimization
algorithms. As an initial step, we try to determine the phase distribution of the
reflected fields on the reflectarray surface by the simulations of full

reflectarray. Similar study has been performed for single layer patch array in

98



[38]. However, the simulation results showed that this procedure appears to be
not applicable for stacked patch configuration. This point is left as a future

work.

Cross polarization levels for the array is lower than -25 dB in azimuth cut and -
50 dB in elevation cut. These levels are given only for center frequency

because those levels are not challenging.

For wideband operation, multifrequency phase only pattern synthesis tools
should be used [36,37].

Figure 101 Modified and measured reflectarray configuration
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CHAPTER YV

CONCLUSION

In this thesis, X-band shaped beam reflectarray consisting of stacked patch
elements with variable size patch as a phase shift mechanism is studied. Such
reflectarrays can be used in space applications where contour beam and shaped

beam are required for a substitute of conventional reflector antennas.

A 25 x 13 element reflectarray with cosecant square beam in azimuth and
pencil beam in elevation is designed, manufactured and measured in this study.
To design the reflectarray, first, appropriate unit cell dimensions are chosen
with parametric study. Infinite array approach is used in the simulations and
the phase design curve is obtained. Then, a feed horn in X-band is designed,
manufactured and measured. In the next step, amplitude values of the radiated
field on each element are determined and spatial phase delay caused by the
feed is calculated for all elements. Amplitude values of the electric fields
caused by horn illumination are input in a MATLAB code [37]. Phase only
synthesis method is applied in the code. Reflection phases of each element are
obtained under the assumption of plane wave is incident on each element. With
the spatial phase delay and the reflection phase values on each element, phase
compensation is presented. Using the compensated phases and phase design
curve, patch dimensions are determined and the designed reflectarray is
simulated. Besides, a fixed rotated pencil beam reflectarray is designed to
investigate the effect of frequency change over radiation pattern. +2.5° of beam
squint is observed and it is concluded that the designed reflectarray is suitable
for wideband applications. Designed shaped beam reflectarray is manufactured

and the results are compared with simulations in 8.5 - 10 GHz band.
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Differences in amplitudes are observed but considering the phase diversion
caused by different frequencies, these effects are treated as acceptable. So a
microstrip patch array with more than %210 bandwidth (8.6 — 9.7 GHz) is
achieved compared with other shaped beam reflectarrays in the literature. Low
cross polarization level is expected in unit cell simulations and below -22 dB

Xpol level is achieved.
In the future, multifrequency phase only synthesis tools will be studied to

achieve wideband operation. Also this synthesis will be adopted for 2D array

synthesis.
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APPENDIX-1

Single Layer Unit Cell Parametric Study

In order to make comparison between single layer and multi layer unit cells,
parametric study of single layer unit cell is done. This unit cell has 16 mm x 16
mm length and width, same with two layer structure, patch is square, but 4 mm
thick foam is used, which is the half height of the stacked patch structure. Patch
dimension is swept from 6 mm to 15.5 mm with 0.5 mm steps. Periodic
boundary conditions and infinite array approach are used in the simulations.
Magnitude and phase responses of the unit cell are shown in Figure-Appx 1
and Figure-Appx 2 respectively.
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Figure-Appx 1 Magnitude of reflecting field in single layer unit cell (normal incidence)
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Figure-Appx 2 Phase of reflecting field in single layer unit cell (normal incidence)

Performance parameters are defined [33] to compare the performances of
different element shapes in reflectarrays. These parameters are briefly
discussed in chapter 2 and are used for evaluating the performance of the unit
cell in each of the parametric study step. Here, performance parameters for
single layer substrates with the same unit cell dimension but with different
dielectric height are discussed. Sensitivity and maximum range of reflection
phase values are shown in Figure-Appx 3 and Figure-Appx 4 respectively.
With increasing the dielectric height, R is decreasing, as in Figure-Appx 3.
From Figure-Appx 4, it is concluded that increase in dielectric height results

decrease in sensitivity.
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Figure-Appx 3 Effect of thickness over maximum range of the reflection phase in single
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0.06

4 mm
3mm

5=0.057

0.05

G=0.045‘ 7

0.04

0.03

Phase derivative (deg/um)

0.02

0.01

6 7 8 9 10 11 12 13 14 15
Patch length (mm)

Figure-Appx 4 Effect of thickness over sensitivity in single layer configuration at 9.5 GHz
(normal incidence)
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Figure-Appx 5 and Figure-Appx 6 presents the bandwidth of single layer unit
cell structures with 4mm and 3mm substrate heights respectively. Comparisons
are made assuming 9.5 GHz is the center frequency. In both graphs, phase
differences between center frequency and 8.5 GHz and 10.5 GHz are shown.
Phase difference values are higher in Figure-Appx 6 compared to
Figure-Appx 5, so that it can be concluded that bandwidth of unit cell with
4mm substrate is wider than the unit cell with 3mm substrate. This is because,
threshold value (in this study, 45° is assumed) is closer to the phase differences
of unit cell with 4mm dielectric thickness. In other words, f; value is closer to

8.5 GHz and f, value is closer to 10.5 GHz in first case compared with the

second.
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Figure-Appx 5 Bandwidth of a single layer unit cell with 4 mm dielectric thickness at 8.5-
10.5 GHz band (normal incidence)
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Figure-Appx 6 Bandwidth of a single layer unit cell with 3 mm dielectric thickness at 8.5-
10.5 GHz band (normal incidence)
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