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Abstract

This thesis focuses on study and design of proximity fed arrays which consist of mi-
crostrip patch resonators placed near a feedline and coupling takes place through
the gap inbetween. The configuration is capable of supporting standing-wave and
traveling-wave excitations. When operating in the resonant mode, either the cur-
rent or voltage standing-waves can be used as the excitation. Capacitive coupling
or fringing electric fields at feedline edge results in creation of potential difference
between two patch edges and resonant current on the patch. Capacitive coupling is
best suited for vertical polarization (with respect to the feedline current). Horizontal
polarization (or co-linear polarization with respect to the feedline current) is induced
effectively by current standing-wave (or magnetic fields). Any desired distribution
can be established across the array by a proper adjustment of the gap width. A
minor modification in gap distribution along the array is also required in order to
obtain a better uniform distribution for either standing-wave or traveling-wave exci-
tation since the excitation is of series-fed type. The configuration can provide a dual
band arrangement, an arrangement for a band at one side of the feedline or a single
band cross-linear array may be arranged. The cross-linear array is suitable mainly
for reducing the cross-polarization in a vertically polarized configuration. One effec-
tive technique to improve the performance bandwidth is to configure a progressive
incremental length added to the resonant length across the array. The single linear
array can surely be expanded to planar configuration for enhancement purposes.
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Chapter 1

Introduction

1.1 Introduction

Microstrip patch antennas have become popular candidates for many applications
due to low cost, low profile and have been the focus of extensive research in the
last few decades. Their compatibility with monolithic microwave integrated circuits
(MMIC) has also expanded their applications and promoted further studies on various
feeding and array configurations. This thesis is the result of investigation on an
electromagnetically coupled array configuration which has received only a limited
attention in literature.

Throughout this investigation a newly available software, Ensemble is used,
which is capable of simulating multi-layer dielectric structures containing metallic
shapes. Ensemble provides accurate results where surface or leaky waves are not

excited.

1.2 Brief History

The subject of proximity fed antenna was addressed first by Cashen et al. [1] in 1970
and arrays of capacitively coupled resenators were produced by Emi-Varian in 1973
[2] as extracted from [3]. Report of characteristics such as maximum side lobe level of
-12 dB for a resonant array and a bandwidth approximately equal to the one tenth of
beamwidth is given in few articles. Nevertheless it appears that the subject was not

thoroughly dealt with over the years and scarce reports are available on this matter.
1
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One distracting issue is the terminology used for the structure. The proximity fed
resonator is commonly addressed as two layer structure where feedline is placed above
a ground plane and coupling takes place electromagnetically between the feedline and
the radiator on the top layer. In our configuration the radiator is placed near the
feedline on the same plane.

Traces of similar studies have been found in the literature but lack of accessibility
to such sources restrained us from complete acknowledgement of the type and results
of ongoing studies. In one available article [4], the case of single patch in proximity
of an open feedline has been considered. The study focuses mainly on how to alter
the polarization by adjusting the open stub length (i.e. the extension of feedline
beyond the patch up to the termination). When the patch is at current standing-wave
maximum, magnetic field creates a current on the radiating patch in the direction of
feedline, in other words, an inductive coupling takes place. If voltage standing-wave
maximum is used as excitation, charge accumulation at one edge of the patch creates
a potential difference across the patch and ultimately a current exists on the patch
transverse to the feedline. This is considered a capacitive coupling.

1.3 Topic Outline

The study begins with a concise overview of microstrip transmission line and radiating
patch structures, where the required formulation and simplified models are provided.
Next various power distributions across the array with emphasis on the Taylor distri-
bution are reviewed. The last section provides a description of the software employed,
Ensemble, where its features and shortcomings are explained.

Chapter two discusses the required design curves for a single patch case for two
categories of standing-wave and traveling-wave feeding methods. Important parame-
ters and their effects are investigated and sufficient explanations are provided.

Chapter three details the array simulations for both feeding methods and studies
the effects of various parameters on the array performance. The cross-linear array,
a cross-positioned arrangement of elements to reduce the cross-polarization, is also
discussed as well as dual band array configurations which provide dual operating
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frequency and dual polarization of choice with a single configuration.

Chapter four describes the construction of prototypes, physical dimensions used,
problems encountered during the fabrication and testing as well as the test results.
It also provides a complete comparison between the experimental results and the
corresponding simulation results.

The last chapter summarizes the results achieved from the study and indicates

the highlights of the research.

1.4 Microstrip Transmission Line

The basic model of a transmission line is a parallel plate structure having an infinite
length but a finite width located some distance apart. Ideally, the parallel-plate
structure can support the TEM mode defined as E- and H-fields normal to each
other as well as being normal to the direction of propagation. Figure 1.1 indicates
the fields and current components in longitudinal cross-section. Classical equations
determining model components of the transmission line based on the parallel-plate
structure are sufficiently known.

Microstrip transmission lines provide a means for distribution and coupling of
power from the source to the radiating elements. Thus, a brief review of the prop-
agation mechanism helps in understanding of its operation. This review emphasizes

on printed transmission lines only (Figure 1.2).

1.4.1 Static and Dynamic Analyses of Printed Transmission
Line

In practice pure TEM modes do not exist along printed transmission lines. Instead,

there is a quasi-TEM, or hybrid modes, whose exact field configurations are quite

complicated. In contrast to the parallel-plate waveguides, the electric fields are no

longer confined between the two metallic layers but have components transverse to

the lines edges. Magnetic fields maintain the flux encircling the line.
At frequencies lower than the static approximation frequency (0 < f < fy stat =
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X

Ey .

Figure 1.1: Field and Current Patterns in Parallel-plate Waveguide

1-5 GHz) given by ([5] pages 136-137)

N 21.3
G CES W
(W and h in mm, f, qq in GHz), the fields are mostly TEM and field components
other than TEM are negligibly small. This means that fields can still be considered
TEM despite the fringing effect at the edges. When frequency is higher than the
cut-off frequency for the above static approximation, f; «ae, the longitudinal field
components along the direction of propagation become significant and their strength

become more pronounced as frequency increases.

1.4.2 Wheeler Formulation

For calculation of the line width or the impedance of a transmission line with given
material parameters, the well-known Wheeler’s equations for microstrip line may be
employed. They are given below for the case of zero conductor thickness ([5], pages
144-147).
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Figure 1.2: Diagram of Printed (Microstrip) Transmission Line

1) Characteristic impedance of narrow microstrip conductor, W/h < 3.3

120 4h A% 6 —1 m In(%)
—_—— l i 1 - _ r l (_ ™
2 V2(er+1) . W+J G(W) +2 2(e- +1) . 2)+ €

2) Characteristic impedance of wide microstrip conductor, W/h > 3.3

60 [W Ind4 e+1¢ /e w (e —1)In (%)
2= Ve ot + 2we, {ln (7) o (Eﬁ + 0'94) } M 2me?
(1.2)

The above formulas can also be arranged in terms of the line width. However,

(1.1)

this results in a complicated form and requires extensive mathematical manipulation.
The width for the desired impedance can be obtained by successive trials. As an
example, using the material parameters of h = 1.524 mm and ¢, = 3.2, a width,
W = 3.6 mm, for a 50 microstrip line is obtained. This width is used throughout
the simulations in this study as the feedline width. The effective dielectric constant
for this microstrip line using Equation 1.3 (W, replaced by W) is €.;y = 2.55.
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1.5 Microstrip Patch

Printed Microstrip patch structures consist of a metallic patch of any shape above
another metallic layer known as the ground-plane supported by dielectric materials,

or substrates, as shown in Figure 1.3.

Patch

Subsirate

Ground Plane o (SRS

Figure 1.3: Patch Configuration with Common Dimensions

There are many modeling methods for investigating the microstrip patch struc-
tures. The Transmission Line Model (TLM) and Cavity Model (CM) are the two sim-
plest and reasonably accurate models. More accurate modelings use numerical com-
putations such as the integral equation formulations along with the Moment Method.
The Ensemble software is based on such 2 method. Other modeling techniques are
also available and their details can be found in the literature [6].

1.5.1 Design Equations
The necessary equations for the patch design are given as:

1) Effective Dielectric Constant, €.ss: This compensates for the differences in ma-
terial properties at the interface of two media. The effective dielectric constant

' given by [1] &+1  e—1 10h
r r )_%

Ceff = 2 + 5 (1+W, (1.3)

where h, W, and ¢, are respectively the substrate thickness, the patch width
and dielectric constant.
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2) Effective Length, L.;;: Due to the fringing effect which is the extension of the
field at the edges of the patch, the electrical length of the patch normally appears
larger than its physical length. The optimal patch length is ’—‘21, (Ag = 7}},—7),
to create an array of two radiating slots at each edge, 1‘21 distance for maximum
performance. The difference between the optimal length and the actual length,
Less = L, +2AL = 2, is determined by following equation [7]

AL _ [0.412(css +0.3)][%2 +0.264]
h [ecss — 0.258][%2 + 0.8]

(14)

where L, denotes the physical patch length and AL is the estimate of incre-
mental length due to the fringing effect.

1.5.2 Radiation Pattern

The radiation of a rectangular patch is mainly attributed to its two radiating edges
which are approximately modeled as radiating slots. Each slot is narrow having a
width approximately equal to the substrate height, b, (b < A, usually 0.003)\, < h <
0.05);) and length corresponding to the patch width. An array of two rectangular
slots each having dimensions of the patch width and substrate thickness provides
a reasonable approximation in a closed-form expression for the far-zone radiation
field components. The two slot approximate model gives very simple expressions for
the radiation pattern. For a patch located in the xy-plane where length is along
x-direction as shown in Figure 1.4, the H-plane radiation pattern is given by

sin ("—:ff- sin 0)
Ey () lo=0 = Kr—p—"

2sind
I-]

cos @

and the E-plane pattern is expressed as

sin (22 sing
(#l cos (ﬁL" sin 0)

E4 (0) lg=xs2 = KT iy -~

Ao

in spherical coordinates [8]. Kr is given as a constant by

e—jkoR)

K= —gVeWok, (m
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with k, denoting the propagation constant in free space and V, representing the
voltage across the slot.

Figure 1.4 illustrates the familiar microstrip patch patterns and the coordinate
system used. The principle planes for the given geometry are E-plane (i.e. the
plane transversing the radiating edges, ¢ = 0) and H-plane (the plane parallel to the
radiating edges, ¢ = 7/2)

Observation of the patterns and formulations reveal a broad pattern normal to the
plane of the patch with possible linear or circular polarization depending on the exci-
tation. Excitation can be direct via a coaxial probe, or microstrip transmission line or
indirect (electromagnetically coupling) through proximity or an aperture. Depending
on the substrate material and thickness, microstrip patch antenna exhibits various
directivity. Typical gain of microstrip patch depending on the substrate material and
thickness varies between 3 to 9 dBi.

1.6 Review of Power Distribution Methods

A quick review of the array theory provides some insight into the power distribu-
tion across an array. A single element usually has a broad radiation and low gain.
Therefore enlarging the size of the antenna helps to increase the directivity and also
provides means of controlling the radiation pattern through control parameters. In
array design there are five control parameters which could be used to meet the desired
specifications.

1) Geometrical configuration of the array: It should meet pattern and gain as well

as size specifications along with fabrication scheme and suitability.

2) Interelement spacing: This controls overall pattern, side lobe level and grating

lobes.

3) Amplitude distribution across the array: This allows us to obtain the desired

pattern and side lobe level.

4) Phase distribution across the array: It determines the beam location and pro-

vides beam steering mechanism.



1. Introduction 9

(a) Microstrip Patch Coordinates: W, = 37.5mm, L, =41.3mm @ 2 GHz

Radiation Pattern of Single Microstrip Patch
0

180

(b) E- and H-plane Patterns

Figure 1.4: Rectangular Patch Geometry and Far-field Patterns with X-polarized
Excitation
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5) Relative pattern of the individual elements: This is the building block of overall

array pattern.

In the array theory the single element pattern and array factor provide the array
pattern without consideration of mutual coupling between elements. This principle
is known as pattern multiplication, where the single element pattern is directly mul-
tiplied to the array factor. Based on this principle, different array factors can be
applied to the configuration under study. The general expression for the total E-field

across a linear array [9] is

N
E(0,0)=f(9,6)>_ Liexp|[j (koricosy; + )]

i=1
where f (6, ¢) represents the far-field function associated with the particular element,
ko = 27 /X, I; is the element amplitude of excitation and a; denotes their phase exci-
tation. The coordinates (r;, 6;, ¢;) refer to the element location with i = 1,2,..., N;
N denoting the number of elements. The cosine term takes the expanded form of

cos ¥; = cos B cos 6; + sin@sin 6; cos (@ — ¢;)

in terms of the spherical coordinates. In this study, linear type arrays with equal
phase difference between adjacent elements are considered.

1.6.1 Common Excitation Amplitude Distributions

Beside the uniform distribution which is the most common type, there are a few other
methods of amplitude distributions. The most known ones are the triangular, cosine,
cosine-squared, binomial, Taylor and Dolph-Tschebyscheff distributions. Among sim-
ple distribution functions such as uniform, triangular, cosine and cosine-squared, the
last exhibits some advantages over the other ones. The following table (Table 1.1
taken from {7]) indicates that tapered distributions decrease the gain and broaden
the beamwidth but lower the side lobe levels.

The above distribution functions, respectively, establish only a fixed pattern char-
acteristic across the array, while a great degree of flexibility in design exists by using
the last three methods. The binomial and Dolph-Tschebyscheff distributions use
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Table 1.1: Comparison among Simple Distribution Functions Used in Arrays

Distribution Uniform | Triangular | Cosine | Cosine-squared
Halt-power beamwidth 50.6 73.4 68.8 83.2
(degrees) I > ) (2] an an )
First-null beamwidth 1146 229.2 171.9 220.2
(degrees) I > A [TD)] »y any any

First side lobe
maximum (dB)
Directivity factor
(for large I) 1 0.75 0.810 0.667
Multiply by 2 (5 )

-13.2 -26.4 -23.2 -31.5

——

{ denotes the total array length and A is the wavelength in free space

polynomial expansion to determine the distribution coefficients. These two methods
require mathematical manipulations with similar results as the Taylor method, so
they become less appealing in comparison with simplicity and computability of the
Taylor method. The Taylor distribution, on the other hand, is easily computable us-
ing closed-form expressions. The equations used for calculating the Taylor line-source
model are given here. The general expression for the Taylor line-source placed along
the z-direction is

-1

I(2) = % 1+2 2:1 SF (p, A,7) cos (pr-j-)} (1.5)

where 7 is the number of side lobes with a constant level. Space factor, SF (p, A, 1),

is given by
oy (2 - 1) =N (Q)z _
SF(p,A,n) = AT+ =T ”LII 1 )| ol <@ (1.6)
and u,, takes the form
1)2 ~
un=1r§cosﬂn={i“a\/‘42+(n_§) {5n<n (1.7)
Tn7w n<n< oo
In the above formula, ¢ = 3 and A is a constant related to the maximum

A’+(ﬁ—-:})2
desired side lobe level or voltage ratio, R,, given by cosh (rA) = R,. The amplitude
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Amplitude Distribution across an Array
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Figure 1.5: Taylor and Cosine-squared distributions

distribution across an array of 10 elements and minor lobes at -20 dB (2 = 3) and
that of cosine-squared are given in Figure 1.5.

To demonstrate the effect of array factor with different distributions, the three
distributions have been contrasted in Figure 1.6 for an array with rectangular mi-
crostrip elements. The dimensions of the patch are taken from single patch design
explained in Section 2.3.1. The interelement spacing is approximately A; to match
with the structure under simulation at 2 GHz discussed in Chapter 3.

1.7 Software Description

Throughout the study, a recently available software, Ensemble [10], which is capa-
ble of simulating multi-layer printed structures is employed . Ensemble uses the
Method of Moments (MoM) to solve a Mixed-potential Integral Equation (MPIE)
and to calculate the current density on predefined patch shapes. The mathematics
comprising the basis functions and excitation models is an involved subject and the
reader is referred to [11] for detailed discussion. Three commonly defined rectangular,
triangular and circular shapes could be used in the design configuration. Ensemble



1. Introduction 13

Comparison of Distribution Methods across a Microstrip Patch Array
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Figure 1.6: Far-field Patterns of Uniform, Taylor and Tschebyscheff Distributions
across a 10-element Array

utilizes a meshing routine which subdivides the configuration under simulation such
that the number of segments increase at junctions of any patches and at the probe
contact. Although user can adjust the cell size for each segment, software provides
an optimal cell size at the operating frequency. In depth familiarity with Ensemble
revealed that any kinds of shapes may be configured by changing the geometry file.
A snapshot of the workspace window of the software is shown in Figure 1.7.
Ensemble outputs four types of measurements regularly used in antenna de-
sign. They are S- and Z-parameters, radiation patterns and current distributions on
the metallic surface. S-parameters which determine the reflectior and transmission
coefficients respectful of the number of ports used, are stored in a designated file.
Similarly Z-parameters corresponding to impedance of the structure at each port are
saved under another file category with different file extension. Ensemble also pro-
vides radiation pattern and current density distributions for one frequency or a range
of frequencies when options for creating such files are chosen. All the data files created
by Ensemble can be graphed by plotting outputs of the software. Direct view of
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Figure 1.7: Ensemble workspace window

data files are also possible through a button in the top menu bar facilitating opening
of text version of data. It is worthwhile to mention that although Ensemble provides
nearly accurate results for multi-layer planar structures, it has its own limitations.
Beside some software defects in the versions used for the study, Ensemble suffers
from shortcomings such as considering only the infinite ground-plane and dielectric
layers, inability to handle 3-dimensional structures as well as multiple probes beyond
the first layer.

We can consider the case of infinite ground-plane sufficiently precise compared to
the actual finite size to be able to carry out the study.

Our configuration consists of only planar structure with single dielectric layer,

which Ensemble easily handles.

1.7.1 Software/Hardware Limitation

Ensemble , like any software, has its limitation and shortcomings. Some of the
limitation comes from the hardware constraints such as memory capacity and internal
speed while others are software dependent. For version 4.02 on a Pentium 90 MHz,
memory shortage occurred for problem sizes beyond 2000 and time required to solve
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a problem of size 1000-1500 is about 5-10 minutes per frequency.

Beside the hardware restraints, Ensemble suffers from very inflexible meshing
routine and very sensitive to segmenting schemes. To illustrate this drawback, a
single patch is simulated with different meshing sizes and schemes.

For this configuration, a single rectangular patch in proximity of a feedline, the
intensity of meshing provides incompatible results. In most cases the optimal cell
size suggested by the software results in deviation from the converged solution. This
could be the result of narrow rectangular cells along the feedline. The instruction
manual warns about avoiding very narrow triangular segments in order to avoid ill-
conditioned matrices. By dividing the feedline into two separate strips, symmetrical
segments were achieved but this slightly altered the solution under the same cell size.

Smaller cell size converges into one solution for three different meshing scheme,
which is entirely at another frequency. This indicates that some deviation from the
converged solution is expected when optimal cell size is used. Especially for large
configurations, even using optimal cell size require long computing time.

Throughout the study the optimal cell size is mostly used, which is slightly off
from the converging solution (as shown in Figure 1.8).
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Chapter 2

Single Patch Design Curves

2.1 Introduction

The proximity coupled single element is the focus of the study in this chapter. The
problem consists of a transmission line which provides coupling and distribution of
the power and a patch (or series of patches) placed near the feedline where coupling
takes place through proximity. The proximity coupling is mainly due to fringing
fields spilling out at the edge of the feedline or the magnetic field surrounding the
feedline. Figure 2.1 indicates the arrangement of the elements and feedline, where
patches may be placed to create y- or x-directed polarization. The relation between
the coupled power and the gap distance, d, is investigated in following sections. The
resonant patch dimensions at the desired frequency should be determined first and

then various design curves are derived for specific resonators.

2.2 Preliminary Specifications

At this stage some specifications are considered to begin the study and design. For
ease of construction and lower cost, the operating frequency is decided to be 2.0
GHz. The availability of material then determined some parameters such as substrate
thickness, h, of 0.06" = 1.524 mm, with dielectric constant ¢, = 3.2 and loss tangent
of tan§ = 0.008 at 10 GHz. The parameters mostly used in simulation are

- Dielectric constant, €, = 3.2
17
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Side Feed or
Probe Feed

Figure 2.1: Patch and Feedline Configuration

- Substrate thickness, h = 1.5 mm (unless physical value used for comparison

purpose)
- Loss tangent, tan § = 0.008 (when lossy material is considered)

- Guided wavelength, A; =93.9 mm (for W = 3.6 and h = 1.5 mm)

2.3 Y-polarized Resonant Patch Design

A resonant rectangular patch shows slight differences in all parameters when placed in
the proximity of a feedline than when the same rectangular patch is fed directly. The
resonant dimensions of rectangular patches in proximity of feedline are investigated
next. Three cases of rectangular patches having different patch width to guided
wavelength ratios are considered here. The convention used here is the resonant

patch width to the feedline guided wavelength, J,.
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2.3.1 Rectangular Patch (% ~ 0.4) with Standing-wave Feed-
ing

The following design is based on an open-circuited transmission line, which supports a
standing-wave along its length. For the constructive reflection, the voltage standing-
wave (VSW) is maximum at ), /2 intervals from each ends a feedline with length of A,
multiples. The current standing-wave simultaneously exists on the line with 90° out
of phase with respect to the VSW. This phenomenon is illustrated in Figure 2.2 where
the short-circuited case is also shown. A design based on an open-ended feedline can
easily be applied to the traveling-wave feedline where the consideration of maximum
voltage locations is no longer required.

From the discussion in section 1.4.1 and Figure 2.2, we know that the maximum
field occurs at Ag/2 multiples from the end point. The voltage is directly proportional
to the electric field, while current has direct relation to the magnetic field. These
relations provide us with understanding the method of coupling; by fringing electric
field or magnetic field couplings.

In order to determine the resonant dimensions, the material parameters given in
Section 2.2 and Equations 1.3 and 1.4 are used to calculate the physical length for an
arbitrary width. To design a rectangular patch, W, = \y/2 = 33%= = 41.90 ~ L, mm
is used as the first estimate. Considering the effective length to be optimal length of
Ag/2, the actual physical length of L, = 41.66 mm is obtained. Resonant frequency
of a square patch with the computed length is simulated next. The Ensemble result
without any matching is shown in Figure 2.3 which employs the direct-fed configura-
tion.

When the same patch is laid out in capacitive coupling configuration (Figure 2.4)
where the current is induced due to fringing fields, the resonant frequency is shifted
to some degree. This effect is due to the change in impedance; mainly introduction
of mostly capacitive reactance into the overall impedance and distribution of edge
impedance of patch over a wider area in comparison with the impedance seen by
direct connection of transmission line to patch could be the major shift in resonance.

When the resonant length is along the y-direction, the patch should be centered
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(b) Short-circuited Transmission Line

Figure 2.2: Standing-wave Patterns Created by Two Different Line Terminations
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Figure 2.3: Single Square Resonant Patch

at the maxima of voltage standing-wave. For x-polarized radiating edges, the current
standing-wave (and its corresponding magnetic field) is the source of coupling to the
patch meaning patches should be placed at current maxima. In case of traveling-wave
the position of current and voltage maxima are unnecessary.

Based on the open-ended feedline, simulation results for a feedline with L = 92.7
mm when probe-fed at one end having open-circuit impedance. This length differs
from L = 93.9 mm calculated in Section 1.4.1 owing to the probe feed and its model
used in the software. For clarity the geometry of the single patch configuration is
shown in Figure 2.4 indicating also the orientation of coordinates.

With the length of open-ended feedline to be A;, the patch is placed at the center
of line with an arbitrary gap distance and the length is reduced until the resonance
frequency is shifted toward the desired one (Figure 2.5.a).

When the resonance is adjusted by trimming the length, the square patch becomes
rectangular having a width slightly larger than the length. This feature exhibits a
high level of cross-polarization which is already in excess due to the structure (i.e. the
surface current created on the patch is normal to the current flowing in x-direction
on the feedline). To reduce the cross-polarization, it is preferred that the width is
kept smaller than the length.

From Figure 2.5.(a), it is obvious that for every 0.2 mm (about 0.5%) change in
length there is a shift of 10 MHz in the resonant frequency.

Figure 2.5.(b) indicates the degree of frequency shift when the width is properly
adjusted. There is an optimal width associated with the given length where further
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Figure 2.4: Geometry of a Y-polarized Single Patch in Proximity of a Feedline

reduction causes a shift in frequency. The width adjustment has less significance
on the resonance shift and is considered as fine tuning of resonant element. It is
noticeable that more than 10% change in width is required in order to shift the
resonant frequency by 10 MHz.

The final design dimensions are determined as W, = 37.5 and L, = 41.3 mm. Of
course these dimensions serve only as preliminary design data and any attempt for
matching the antenna seems unnecessary.

These dimensions are used throughout the study for a rectangular patch. In case
of an open-circuited feedline, the standing-wave along the feedline is probed at the
center of the patch by measuring the current amplitude on the patch for various offset
locations along the feedline. The normalized amplitude and phase of the current are
displayed in Figure 2.6.

2.3.2 Narrow Rectangular Patch (—2-:2 ~ 0.1)

By reducing the width of the rectangular patch further, or equivalently forcing the
induced current to be more directive toward the radiating edges, the cross-polarization
level decreases significantly. The price paid for lower cross-polarization is a weaker
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Trend of Length Change for a Single Patch (W,=41.7, d=0.1 mm)
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Trend of Single Patch Offset along an Open-ended Feedline
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The current component J, is taken at the patch center in Figure 2.4

Figure 2.6: Current Measurement on a Resonant Patch at Various Offset Distances

coupling between the patch and feedline. This results in a longer array.

An arbitrary width of 10 mm is chosen, which is near the criteria for printed dipoles
(Wp < 0.05),).The resonant size at the desired frequency is then determined by a
proper adjustment of the length. Figure 2.7 shows the design results which arrives
at resonant dimensions of W, = 10 and L, = 43.3 mm. The value obtained from
length calculation is 43.43 mm which is in good agreement with the value obtained

by successive trial procedure. This resonant size is used for the narrow patch.

2.3.3 Wide Patch Resonator (% ~ 0.8)

In order to create more general sets of curves, another resonant patch with patch
width exceeding A4 /2 is considered. Following the same design procedure, dimensions
of Wp = 74.5 and L, = 40.6 mm are obtained. The results of three resonant patches
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Trend of Resonance Shift for a Narrow Rectangular Patch
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Figure 2.7: Resonant Frequency Shift of Narrow Rectangular Patch with Open Ter-
mination

are summerized in Table 2.1.

2.4 X-polarized Resonant Patches

When the resonant current induced on the patch is normal to the current on the
feedline (y-polarized), the abrupt change of direction introduces cross-polarization
including the feedline radiation in the far-field. Beside many techniques to lower the
cross-polarization, the case when the resonant current on the patch is in the same
direction as the current on the feedline is expected to lower the cross-polarization. The
x-polarized resonant patches reduce the high cross-polarization when the patch size
falls within the approximate limit -':—’f < 0.5. The findings reveal that the x-polarized
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Table 2.1: Summary of Resonant Patch Dimensions at 2.0 GHz

Patch Type W, (mm) | L, (mm)
Narrow Patch 10.0 43.3
Rectangular Patch 37.5 41.3
Large Patch 74.5 40.6

patch has better coupling when its center is placed at maximum standing-wave current
where magnetic fields coupling to the patch result in excitation of resonant current.
The reader is referred to Figure 2.1 for the x-polarized geometry and conventional

parameters.

2.4.1 X-polarized Narrow Patch (% ~0.1)

In design of x-polarized narrow patch, the same patch values as the y-polarized narrow
patch can be used as the estimate dimensions and the resonant length can be found
when the width is kept at the fixed value of W, = 10.0 mm. Figure 2.8 displays the
approach to the final width value. Geometry of Figure 2.4 is used with the difference
of a x-polarized patch positioned at the center of a short-circuited feedline. Here the
notation of length and width is interchanged as presented in Figure 2.1. This is to
keep consistent with the terminology of rectangular patch that width refers to the
side where radiating edges exist and length is the distance between these two edges.

2.4.2 Patch Dimensions with Traveling-wave Feeding

The dimensions used for the three types of rectangular resonators remain almost the
same whether coupling is due to standing-wave or traveling-wave. When the feedline
is matched at the far end, there exists a traveling-wave along the transmission line.
In contrast to the standing-wave feeding, the patch locations become arbitrary and
there would be no need to determine the feedline’s exact length corresponding to
multiples of A;. The drawback of this feature is the amplitude decay in comparison
to standing-wave case and the difference in interpretation of results.

Because there is no constructive reflection from matched feedline, the voltage
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2.4.3 Circuit Analysis of Configuration

Another approach for the analysis of the configuration is to consider the equivalent
circuit of the structure. As mentioned in the previous section, the radiation of a
rectangular patch is mainly due to the radiating slots at two edges separated by the
patch length. The equivalent circuit of a radiating slot is modeled as an impedance.
When the electrical patch length is chosen to be \,/2, the imaginary parts of radiation
impedances become 180° out of phase, and cancelled out in addition of impedances.
The real impedance, known as radiation resistance is shown as a lumped resistor in
the circuit. The impedance of the metallic patch is calculated using the transmission
line equations. This equivalent circuit is shown in Figure 2.9.a where the total real
radiation resistance is divided into two parallel components. The empirical equations
for computing the approximate radiation resistance is given as [12]

_[90(3) forw, <
R"’"_{lzo(%g) for W, > A

The above formulae is used along with the transmission line model of the patch
on Libra (13]. Libra is a software used mainly in circuit design and is capable of

analysis and optimization of vast range of electronic and microwave circuits. The
software employs circuit elements or equivalent models as means of analysis. The
main purpose of this attempt was to verify the approximate model of the proximity
coupling as a shunt capacitance at points along the feedline (Figure 2.9.b). A simple
formula for computing the parallel plate capacitance is used to model the coupling
capacitance and to determine its value with minor modifications. The well-known

capacitance equation,

€.6r A €obeffWpt
= C.=—F7F—

d ¢ d
was redefined as C. where effective dielectric constant (see Equation 1.3) replaces e,
to account for the inhomogeneous nature of structure, ¢ and W, represent the feedline

C =

thickness and patch width respectively and d corresponds to the gap distance between
patch and feedline. Parameters L, and L in Figure 2.9 denote the same parameters
as in Figure 2.4 where feedline length, L, is chosen to be A, long.
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(a) Rectangular Patch

2 e —
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(b) Capacitively-coupled Patch

Figure 2.9: Equivalent Circuit of a Single Rectangular Patch, When Placed in Prox-
imity of Open-ended Feedline
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This simple model was simulated on Libra and the outcome is in fair agreement

with that of Ensemble . The comparison between the two results indicates a dif-
ference in magnitude and resonant frequency when exact parameters are considered.
The optimal length of 43.0 mm is obtained by allowing only the patch length to be
varied within a reasonable range. The optimal length shifts the resonance of the cir-
cuit to the resonant frequency which coincides with results obtained by Ensemble as
shown in Figure 2.10. This difference in length reminds us of the fact that the effec-
tive length should be included in the equivalent circuit and that Ensemble accounts
for the fringing length. Using Equation 1.4, an effective length of 43.07 mm which is
in agreement with the optimal length achieved by Libra is calculated.

Companson between Results from Ensemble and Libra

. u
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'10 L [ 19 [ ] ] 1 ' ¥ r T ﬁ ] i
18 184 188 192 196 2 204 208 212 216 22
Frequency (GHz)

Dimensions (mm): W =36, L =92.7, W, = 37.5, d=0.1, t =0.017, h = 1.588, ¢, = 3.2

Figure 2.10: Resonant Frequency of Structure under Simulation by both Libra and
Ensemble
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The above analysis provides a measure of correctness as well as an alternative ap-
proach if needed. It also brings some insight into the dominant electrical components
and their corresponding equations.

The same analogy can be applied to the magnetically coupled x-polarized res-
onator. Similar to the capacitive coupling approach, it is suggested that two mutually
coupled inductors (or a transformer) replace the coupling capacitance. The mutual
coupling between two inductors should be related directly to the patch width and
inversely to their separation.

2.5 Design Curves for Control Parameters

In this section, the effects of various parameters on a single patch configuration is
discussed and the design curves which are used later in array design are presented.
The geometry in Figure 2.4 is considered in this section to obtain the design curves.

2.5.1 Effect of Gap Distance on Coupled Power

The first parameter to be studied is the relation between the gap and the power
coupled to the patch. In order to determine this, the current distribution on the patch
at resonance frequency is computed while changing the gap distance, d. Since the
radiated power is directly proportional to the square of the current, the y-polarized J,
at the patch center is selected to study the power coupled from the line to the patch.
The relative coupling is then normalized to the maximum value which corresponds
to the selected minimum distance of 0.005 mm.

Figure 2.11 displays the coupled power, the square of y-component current mag-
nitude, for both standing- and traveling-wave scenarios. No significant difference in
coupling is observed, which implies negligible effect of feeding scheme on the coupling.

To generate a broader set of design curves, three different resonant patch dimen-
sions are considered, and it is reasonable to study the effect of gap distance on all
three. These patch sizes can also be configured to generate the x-polarized resonant
current. Minor adjustments tune the patch to the desired 2.0 GHz resonant frequency
for the case of x-polarized resonant patches. Table 2.2 displays some important pa-
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Trend of Coupled Power versus Gap Distance
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Figure 2.11: Comparison of Coupled Power to the Patch as a Function of Gap Distance
under Two Feeding Schemes for Geometry of Figure 2.4

rameters of different resonators which placed in proximity of feedline as shown in
Figure 2.4. In case of x-polarized resonator, the open-end termination is replaced by
a short-circuit while the single patch is centered along a A, long feedline.

The simulation reveals that different resonant patches exhibit distinct and different
relationships between the coupled power and the gap size, d. This fact as shown in
Figure 2.12 which indicates that for each patch a design curve specifically generated
for that patch must be used.

When the phase change due to the gap size is considered, the computed results
(Figure 2.13) indicate larger phase changes for y-polarized narrow patches and negli-
gible phase differences for other rectangular patches . A phase difference of less than



2. Single Patch Design Curves

o
o

E-N

o

Normalized Relative Coupling (mag.)
N

L3 l ¥ r L [ T ﬁ ¥ 1 ¥ |
o} 2 4 6 8 10 12
dn,, (x10%)
(a) Y-polarized Resonant Patches
Trend of Power Coupled in Relation to Gap Distance

o -
£
= 1 -
o
£ .
s
3 0.95
o -
-]
2 09
c_(-“- 0.9
& 1

0.85 -
g
g i
3 0.8
z -

0.75 T 1 T ] T T T T T T T |

0 2 4 6 10 12
dA, (x1079)

(b) X-polarized Resonant Patches

Figure 2.12: Design Curves of Single Resonant Patch in Proximity of Feedline
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increase of width beyond the resonant width augments the overall impedance due
to material and coupling resistance. Figure 2.14.(b) illustrates the phenomenon and
similar trends exist for other patch sizes with different feedline terminations.

2.5.4 Effect of Patch Width on Gain

To investigate the gain for different resonant patches, other resonant dimensions are
used and the gain and return loss for each case are attained. The geometry of Fig-
ure 2.4 is used with y-polarized resonant patches. Patch sizes beyond a guided wave-
length exhibited negative gain but a resonance corresponding to the feedline reso-
nance. This indicates that due to the cancellation of anti-phase current components
the patch was actually ineffective in the configuration. The results (Table 2.3) in-
dicate optimal patch sizes falling in the range of 0.1\, < W, < 0.4}, and having a
length of about 0.45)A,. The length values are the physical lengths and do not include
the fringing lengths. This study also fortifies the choice of narrow width patches for
achieving lower cross-polarization.

Table 2.3: Performance of Single Resonant Patch of Different Dimensions for Two
Feeding Methods (Figure 2.4)

Standing-wave 'i‘raveling-wave

Feeding Feeding
Gain Sn Gain Su
W, (mm) L, (mm) (dBi) | (dB) | (dBi) | (dB)

5.0 (~ 0.05);) | 45.0 (~ 0.48)\,) | 4.92 | -7.38 | 3.76 | -13.74
10.0 (= 0.11),) | 43.3 (~ 0.46),) | 5.99 | -15.51 | 2.00 | -11.30
25.0 (~0.27),) | 41.8 (= 0.45),) | 6.14 | -13.23 | 2.05 | -11.78
37.5 (~ 0.40)\,) | 41.3 (~ 0.44),) | 599 | -9.38 | 1.58 | -13.56
46.5 (~ 0.50),) | 4L.1 (= 0.44),) | 561 | -6.77 | 0.88 | -15.44
74.5 (~ 0.80),) | 40.6 (~ 0.44),) | -0.84 | -0.81 | -6.54 | -30.35

Common Parameters in mm: W =3.6, L =93.2, d=0.1, h=1.524, ¢, = 3.2
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Effect of Width on Impedance Q)
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Figure 2.14: Plot of Input Impedance versus Patch Width for Single Patch with
Open-ended Feedline (Based on Figure 2.4)
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2.5.5 Effect of Feedline Width on Coupling

A single element resonator is placed in proximity of feedlines with different widths
(see Figure 2.4 for geometry). The feedline input impedance with no patch should be
determined first for various line widths. Since an open-circuited termination and con-
sequently standing-wave is used to excite the resonator in each case, minor adjustment
of feedline length was also required to obtain an open-circuited feedline impedance.
The following table (Table 2.4) reflects the simulation for coupling to a single patch
in proximity of feedlines. The resonant current at the center of a y-polarized patch
was computed and relative coupling for each case was normalized to the maximum
value. This investigation indicates that narrower feedlines have higher coupling to
the patch.

Table 2.4: Effect of Feedline Width on Coupling

W [ Z, ] L [ Relative |
| (mm) i () | (mm) | Coupling
[70.95 [100 | 97.4 0.99
18 | 75 { 95.8 1.0

3.6 | 50 [ 93.2 0.93
9.5 | 25 | 88.8 0.79

Fixed parameters in mm: Wp = 37.5, L, =413, d=0.1, h = 1.524, ¢, = 3.2

Transmission line theory also reminds us of concentration of field at the edges as
line width becomes narrower. Wider lines have lower impedances due to spread of
current and field across line width. These results comply completely with the theory
and reveal another factor affecting the coupling.



Chapter 3

Array Configurations

3.1 Introduction

In this chapter a linear array of 10 elements with standing-wave and traveling-wave
feeding schemes are considered. First the cases of uniform and Taylor distributions
across an array with standing-wave excitation are discussed and then the traveling-
wave cases are studied. The cross-linear configuration, a specific arrangement for
reducing the cross-polarization, follows next. Effects of mutual coupling and progres-
sive width and length change on array performance are included in the respective
sections. Dual configuration capability and relative simulations are also presented.
The geometry of array with important parameters is displayed in Figure 3.1 and nu-
merous references to this figure for the geometry and notation are made throughout
the chapter.

In this study, the term A, which denotes the guided wavelength of the feedline and
is calculated as 7;‘?_9; (see Equation 1.3), is repeatedly used. The guided wavelength
is calculated for the feedline width in the structure and is the basis for determining
the array phase distribution.

Throughout the design, the attempt to establish a uniform phase progression
across the array is striven. For an array of 10 elements the phase dispersion along the
feedline is not very effective but in design of larger arrays the phase dispersion factor
should be considered. For the given specifications of dielectric constant, ¢, = 3.2, and
substrate thickness, h = 1.524 mm, A, for a 50Q feedline with width W = 3.6 mm is

39
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with the difference that the feedline has a length equal to 10A, and open termination.
The input impedance of line alone at the source also falls on open-circuit (on a Smith
Chart). The first patch location is Ag/2 from the source and the patch is moved to
positions at A, multiples.

Trend of Standing-wave Amplitude on a Feedline
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Dimensions (mm): W = 3.6, L =936.3~ 102, W, =375, L, =41.3,d=0.1, D=93.5

Figure 3.2: Variation of Standing-wave Measured at the Center of a Single Patch
Moved along an Open-ended Feedline at 2.0 GHz

As seen in Figure 3.2, the measured current magnitude on the patch is almost
uniform along the feedline since the variation and the gradual decay of amplitude
is negligible for approximate purposes. The phase alse remain almost constant with
negligible fluctuation.

Throughout the simulation the feedline length is designed for the standing-wave
case which can be converted to traveling-wave instance by a proper matching termi-
nation. In traveling-wave feeding scheme the position of elements along the feedline
is arbitrary at the cost of a lower amplitude level and gradual decay toward the

termination.
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3.2.1 Uniform Distribution

The simplest configuration is the uniform distribution of amplitude and phase across
the array of identical resonators. The inter-element spacing determines phase distri-
bution which is considered free of dispersion for short arrays. For larger arrays the
phase dispersion due to the material losses should be taken into account.

The dielectric loss is neglected throughout the simulation in order to discern the
effect for the ideal situation. More realistic approach is considered in the next chapter.

An array of 10 elements with a fixed gap distance and constant inter-element
spacing is chosen for the simulation purpose. Figure 3.3 includes the return loss and
gain of the array as well as the current distribution across the array, measured at
the center of each patch. There is a slight shift in the resonance frequency but the
directivity is almost constant at around 15 dBi in the bandwidth which is about 1.5%.
Based on Figure 3.3, the amount of power radiated can be calculated as

Praa =1—|S11|> = 1 —0.2541]* = 0.935,

while the average coupling of 95% (about 90% power coupled) is read. Aperture the-
ory also provides an estimate for the directivity which gives a measure of comparison
with the simulated value. For the array of 936.3 x (41.3+ 3.6) mm? at 2.02 GHz, the
effective aperture is (6.3A;) x (0.5);). when the effective aperture area is used in the
equation given in Section 4.4.2, a directivity of 39.58 or 15.97 dBi is obtained which
is close to 15.4 dBi simulation result.

The current distribution also indicates that not an exact uniform distribution is
established across the array. On the average there is 5%-6% reduction in coupling
from the source end to the termination. The phase distribution follows a decreasing
trend which is dictated mainly by the inter-element spacing. In the above figure, the
spacing between the elements is 93.5 mm which is slightly less than the 93.6 mm, the
open-circuited feedline with 10\, length at 2.0 GHz. A uniform phase distribution
can be achieved by better adjustment of inter-element spacing.

As shown in Figure 3.4 the expected side lobe level of -13.0 dB is achieved at the
center frequency while the effect of frequency shift is also illustrated. At frequencies
above and below the operating bandwidth, splitting of main lobe occurs. This is due
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Return Loss and Gain Plots for a Uniform Resonant Array
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(All dimensions in mm)

Figure 3.3: Plots of Return Loss, Gain, and Current Distribution for a 10-element
Resonant Uniform Standing-wave Array
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Trend of Frequency Scan on Radiation Pattern
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Figure 3.4: Frequency Scan of a 10-element Uniform Standing-wave Array with Open-

ended Feedline (¢ = 0)
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to resonance of radiators at forward and reflected waves which exist on the line and

become more out of phase further away from the operating frequency.

Trend of Coupling in Relation to Gap Distance
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Figure 3.5: Design Curves for Various Patch Dimensions and Polarizations

An attempt to compensate for the non-uniform distribution is made and the pro-
cedure to balance the existing 6% drop in coupling is to introduce a non-uniform
gap size along the array. By referring to the design curves (a combined design curve
is given in Figure 3.5) a 5% increase in coupling corresponds to about 0.15 mm in
gap size. When 0.15 mm is divided among 7 or 8 middle elements, an incremental
gap reduction of 0.02 mm is obtained. The implemented simulation results in Fig-
ure 3.3.(b) displays an average 97% uniform coupling for the modified gap distribution

in comparison with 93% for a uniform gap size.

3.3 Taylor Distribution

Changing the patch length or width alters the resonant characteristics of radiators;
however, the amount of power coupled to each patch can be controlled using the gap
distance. This feature provides us with the capability of assigning any desired distri-
bution across the array. The method is simply relating the desired distribution to the
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design curve obtained for the single patch case. The coupling-gap diagrams provide
estimate of coupling percentage to a resonant patch at various patch separations.
Data obtained for design curves should be at the resonant frequency of the patch in
order to avoid any deviation from the actual efficiency of radiators.

One of the commonly employed distributions in arrays is Taylor distribution which
was described briefly in Section 1.6.1. Figure 3.5 is provided for reference in under-
standing the method which relates the desired Taylor distribution to the gap distance
across the array.

The first step is to determine the minimum gap required across the array. This
should correspond to the maximum coupling of the center element(s) in Taylor dis-
tribution. Here the assumption that sufficient accuracy is achievable at the time of
fabrication is considered. Based on the design curve, the minimum gap distance maps
to some fraction of coupling. This fraction should be incorporated in calculation of
percentage power coupled for other elements.

If no amplitude and phase decay along the feedline is assumed, the first gap dis-
tance which realizes the Taylor distribution can be determined and any compensation
for attenuation factor and power level decrease typical of series-fed method can be ac-
counted for next. For instance if we consider an array of 10 patch elements (ngﬂ =04)
with a minimum gap of 0.2 mm for two central patches, 85% coupling is read off the
design curve. By locating the elements at ), intervals starting from A,/2, the two
central patches should receive 98% of the power based on the Taylor distribution
diagram. The fraction can be approximated to unity and simplify the computation.

Taking the minimum gap of 0.2 mm as the reference, the relative coupling of
0.9 x 0.85 = 0.765 is computed, which translates to a gap of approximately 0.3 mm
for the adjacent element. Similar calculation determines the estimated gap distance
for other elements. Table 3.1 includes the values obtained by the method explained
above.

The results included in Table 3.1 are implemented in simulation on the geometry
of Figure 3.1 and the outcome is, as expected, a lower side lobe level about the
desired magnitude [Figure 3.7.(a)]. The gap distance for each element is denoted
with subscripts corresponding to the element numbers. Figure 3.6.(a) confirms the
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Current Distribution across a 10-element Array with Taylor Distribution
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(a) Current Distribution across the Array at 2.03 GHz
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Figure 3.6: Current Distribution, Return Loss and Directivity of a 10-element
Standing-wave Array with Taylor Distribution
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Table 3.1: Determination of Spacing, d, for a Taylor Distribution with 10 Elements.

SLL=-20 dB and 7=3

[ Element Taylor Normalized | Gap
# Distribution | Coupling | d (mm)
5 ~ 1.0 08 | 02
4 0.90 0.765 0.3
3 0.75 0.638 0.5
2 0.63 0.523 0.8
1 0.53 0.451 1.0

established distribution as compares it with the theoretical Taylor distribution. Once
again, the simulated current distribution is obtained by reading the y-component of
the resonant current at the center of each element and normalizing it to the maximum
value of the set. This verifies the method to implement Taylor distribution using the
design curves or any trend deduced from these curves. Thus the design curves are
reliable bases to approach the design of a desired distribution. The phase distribution,
although not so significant, can be improved by different inter-element spacing. Also
an average coupling of 78% is read from the current distribution and the percentage

power radiated of 90.8% is computed by
Pog=1-|51|? =1 — |0.30[% = 0.908.

The array is also simulated with a matched feedline to investigate the effect of
traveling-wave on far-field patterns. This issue is addressed in the next section.

The cross-polarization in the array with the desired Taylor distribution is identical
to the that with uniform distribution. The uniform and Taylor distributions exhibit
maximum gains of 15.4 and 15.0 dBi which is expected as the result of uneven power

distribution.

3.4 Traveling-wave Fed Array

Once the termination is matched with the impedance of the feedline, traveling-waves
at any frequency can propagate along the transmission line. First intuition is to
position the elements into an array in proximity of a matched feedline.
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There are two ways to accommodate for a traveling-wave configuration. The first
one is to terminate the feedline with a second source port. The other approach is to
include a matched probe load at the termination.

In the probe load model, many parameters govern the overall impedance imposed
on the circuit, mainly the probe diameter and substrate thickness. When the feedline
is matched to a load with proper parameters, there would be sufficient confidence
that the traveling-wave exists along the feedline. This can also be checked by run-
ning a simulation for the matched feedline and observing the return loss and input
impedance.

The traveling-wave feeding mechanism removes the necessity of precise location
of resonators while suffers from lower gain due to dissipation of the left over power
at the termination.

For a matched feedline, the impedance mismatch becomes highest at the resonant
frequency where the coupling to patches is maximum and patch impedances are im-
posed on the overall impedance of array. For off-resonant frequencies, the array input
impedance corresponds to the transmission line impedance matched at termination.
The matched feedline requires further matching of the entire array.

In addition to the matched feedline, the matching of the entire array to an ap-
propriate load at the resonant frequency can be considered at the termination. This
technique needs measurement of impedance seen at the feedline end with reference to
50Q. However, such a matching demands various load terminations which practically
is not achievable. To investigate the difference of each technique, a comparison is
made using a uniform array.

A uniform array with the given specification in Figure 3.8 and geometry of Fig-
ure 3.1 is matched using the following two approaches. For the first case the feed-
line is matched to a 509 load and the entire array is matched at the input using a
tuning stub. The impedance seen at the input for the array including the 509 is
11.2 - 3.9 Q. A tuning stub with width W, = 3.6 mm (the same as feedline) and
length Lgw = 31.6 mm is placed at 3.5 mm away from the source in the geometry
of Figure 3.1 (but not shown there). The matching provides a return loss of —20 dB
and gain of 14.4 dBi at the resonant frequency.
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The other approach requires a load of 11.5—38.7 §2 at the feedline end including the
elements and yields an impedance of 10.3 + j0.6 2 at the input. Since the impedance
is mostly real, a quarter-wave transformer matching at the source would provide the
matched input. The transformer takes the values Waarter—wave = 10.8 mm in width
and Lguarter—wave = 22.5 mm in length which is inserted between the source line and
feedline of Figure 3.1 (also not shown there). As seen in Figure 3.8, there is a shift
in resonance and the gain at this minimum is about 12.1 dBi. The maximum gain
still occurs at 2 GHz with the value of 13.9 dBi, which is not so different from the
previous approach.

Radiation from the tuning stub could be a reason for the increase in gain and
use of tuning stub is recommended in y-polarized configurations. The latter match-
ing method appears to be suitable for x-polarized radiators; however, using a non-

standard load is not practical in any ways.

Comparison of Two Different Matching Techniques
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Figure 3.8: Return Loss of Two Matching Methods for Traveling-wave Feeding Pur-
pose
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3.4.1 Traveling-wave Characteristics

In practical lines, the traveling-wave attenuates due to the material properties. The
major sources of attenuation are dielectric and conductor losses. Dielectric loss de-
noted by aq is the imaginary portion of the complex dielectric constant and the dom-
inant cause of attenuation. The type and quality of dielectric material determines
this parameter which in turn relates inversely to the cost of material production.
Conductor (copper) loss, a., is the secondary source of attenuation and an inevitable
factor unless superconductive materials are employed instead. The sum of two at-
tenuations comprises the overall attenuation of the printed microstrip structure. The
general equation for the case of traveling-wave along a transmission line is employed
(the expression for the traveling voltage is V(z) = V, e~ ¢=%%) in order to obtain
results for mathematical model.

Trend of Traveling-wave Amplitude Decay in Lossy Material
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d=0.1, D=93.5; ¢, = 3.2 (Figure 2.4 with 50Q termination)

Figure 3.9: Traveling-wave Amplitude Decay as a Function of Position on a Feedline

The parallel plate distributed elements are used to calculate the propagation con-
stant, 7. The next step is to determine v by calculating the four distributed circuit
components of transmission line, i.e. resistance, capacitance, inductance and conduc-
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tance. The conductivity of ¢ = 1.0 x 10~ S/m for dielectric material is used in
calculation as well as the conductivity of o. = 5.8 x 10" S/m for copper.

For the MC5 dielectric material (¢, = 3.2, h = 1.524 mm), ¥ = 0.188 — j74.93
is obtained for tané = 0.006 at 2.0 GHz and v = 0.263 — j74.93 is computed for
tan § =~ 0.008 at 10.0 GHz on the basis of parallel plate configuration.

In order to investigate the amount of power dissipation along the feedline, the
resonant current component of a single radiating patch at A, intervals along the line is
measured (Figure 2.4). Feedline of 10A, was considered and guided wavelength of A, =
93.9 ~ 94 mm was used as the discrete reading points. The current values are then
normalized to the maximum value and squared to obtain the relative power. When
the computed values from simulation are plotted in contrast to the mathematical
model using the parallel plate approach yet at the same positions, the simulation
results appear to follow the trend based on the general paralle]l plate transmission
line formulation. Figure 3.9 clearly illustrates the phenomenon.

This discussion brings us to the conclusion that proper gap adjustment should be
taken into consideration in order to compensate for the amplitude decay of traveling-
wave. The consideration become necessary as the length of array and/or the material

losses increase.

3.4.2 Uniform Distribution

The same uniform distribution used in standing-wave configuration (Figure 3.1) is
applied to the traveling-wave and as expected similar pattern is observed with the
exception of slightly lower gain. In order to simultate a traveling-wave, the feedline
is terminated with 509 probe load. This configuration may introduce some error
since the probe load value is directly related to the probe diameter and the substrate
thickness, which may not exactly match with the feedline impedance. This method
is considered reliable since replacing the probe load with another source introduces
error in gain calculation as well as phase distribution along the feedline. However,
traveling-waves propagate on the feedline when the 509 feedline is terminated with
a 50 load. Figure 3.10 includes the loss and current distribution measured at the
center of each element in a 10-element array. The dominant y-polarized current
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component decreases rapidly toward the termination. Due to the probe load, the end
element exhibits relatively larger coupling which is the result of a discontinuity at the
termination. The power calculation reveals that

Pog=1—-|S1?=1-]047>=1-0.22 =0.78.

only 78% of the power is radiated. In order to compensate for the non-uniform
distribution across the array, the position of the elements are adjusted to account for
the 20% reduction in coupling across the array (see Figure 3.5). The drop in coupling
corresponds to about 0.4 mm in gap size between the eight middle elements.

If the gap difference of 0.4 mm is distributed among the eight elements, a pro-
gressive gap increase of 0.05 mm should establish almost a uniform distribution. The
result of modified gap size which represents a progressive increase of 0.05 mm in gap
distance is included in Figure 3.10.(b).

The traveling-wave excitation also has the advantage of displacing the main beam
rather than deforming the overall pattern at frequencies within bandwidth. As shown
in Figure 3.11, the integrity of the far-field pattern has been preserved despite the
frequency scan and only beam tilt occurs.

Although the traveling-wave feeding removes the requirement for positioning the
elements at particular points, the significant non-uniform distribution of power re-
quires the non-uniform gap size across the array. Despite the option of non-uniform
gap size, the traveling-wave feeding scheme continues to suffer from very low efficiency
which makes other merits of this method unattractive.

In practice, it is easy to convert the resonant structure into traveling-wave feeding
with matched termination of feedline, if the low efficiency and less uniform distribution
can be overlooked. The conversion may slightly alter the resonant frequency due to
change in overall input impedance but has little effect on the far-field pattern.

The gain reduction shown in Figure 3.12 is due to the increased cross-polarization
in the array plane. The increase in cross-polarization is tke result of weaker resonant
current amplitude. While the co-polar fields remain the same, increase in cross-polar
component lowers the overall efficiency. Uneven side lobe levels at each side of the
main beam is indicative of relatively uniform distribution for left elements in contrast



3. Array Configurations 55
Return Loss and Gain Plots for a Uniform Traveling-wave Array
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(b) Normalized Current Distribution (with Uniform and Non-uniform Gap) at 2.0 GHz
Uniform Gap: d = 0.6; Modified Non-uniform Gap: d, = 0.6,
dy = 0.55, d3 = 0.5, dy =0.45, ds = 0.4, dg = 0.35, d7 = 0.3, dg =0.3, dp,10 =0.2
Dimensions (mm): W =3.6, L =936.3, W, =375, L, =413, D=93.5= )

Figure 3.10: Current Distribution, Losses and Gain of a 10-element Array with
Matched Feedline
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Trend of Frequency Scan on Radiation Pattern
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Figure 3.11: Frequency Scan of Uniform Array of 10 Elements with Matched Feedline
in ¢ =0 plane
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Comparison of Two Method of Feeding for a 10-element Array
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Figure 3.12: Traveling-wave versus Standing-wave Feeding Method (¢ = 0)

to semi-uniform distribution for right elements in respect to the center element.

Taylor Distribution

Like uniform distribution, a Taylor distribution across an array with traveling-wave

excitation exhibits demerits of increased cross-polarization and reduced directivity in

exchange of some design flexibility. The results in Figure 3.7 confirms once again the

features associated with the traveling-wave feeding.

3.5 Uniform Cross-linear Array

As mentioned in previous chapters, the patch length determines the resonance of

radiator and the patch width has a smaller effect on the resonant frequency. Deter-

mination of patch length is normally computed through an arbitrary width; thus there
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is a resonant length corresponding to the assumed width. In this configuration, width
may not be larger than the half guided wavelength, otherwise the cross-polarization
will be high. This study also indicates that for large patch size (0.5 < p,_—V: < 0.95 where
W;, Ly < Ag/2) the cross-polarization is significant. Narrow patches (0.1 < 72 < 0.5)
resolve the problem at the expense of lower coupling.

Cross-linear Unit Element

Figure 3.13: Cross-linear Array Configuration

Another solution to reduce the cross-polarization in the xz-plane is to position
identical patches at half guided wavelength away from the original array across the
feedline as shown in Figure 3.13. Therefore, the linear array consists of resonators
on one side of the feedline (Figure 3.1) while the cross-linear comprise of patches
located on both sides of the feedline at \y/2 intervals (Figure 3.13). For identical
number of resonators, this technique reduces the array length which also results in
reduced directivity. Figure 3.14 compares the cross-polarization level of linear and
cross-positioned array of 10-elements with matched feedline.

The cross-polar component diminishes significantly at the boresight, in the xz-
plane, and overall cross-polar strength becomes nearly constant at all angles. Pattern
of Figure 3.14 also points out the change in the number of side lobes. This feature
corresponds to the number of elements in the array. From the pattern we observe
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Field Pattern of Uniform Array of 10 Patches with Matched Feedline
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Linear: L =936.3, D = 93.5 = A, Number of Patches=10
Cross-linear: L = 467.8 D/2 = 46.7 = A;/2 Number of Patches=10

Figure 3.14: Radiation Patterns of Linear and Cross-linear Arrays with Equal Number
of Patches (¢ = 0)

that each pair of cross-positioned patches comprises one radiating element; therefore,
although there is equal number of patches in both configurations, the array of 10
elements would reduce to 5 radiators in each guided wavelength when configured
as cross-linear. In order to make a better comparison, an array of the same length
and the same number of radiators but with cross-linear configuration is considered.
Figure 3.15 signifies the differences between the two arrays and Table 3.2 summarizes
the important parameters. Due to the use of 5092 rather than the second port, the
transmission loss at the termination is not measured.

When each pair of patches within a guided wavelength is considered as one element
(as shown in dashed area in Figure 3.13), twice as many of patches is needed to
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Field Pattern of Uniform Array of 10 Eiements with Matched Feedline
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Figure 3.15: Linear versus Cross-linear Arrays with Equal Number of Elements in
¢ =0 Plane

construct an array of 10 elements. The spacing between each cross-positioned patch is
Ag/2 in order to keep the patches at anti-phase positions. Anti-phase positions create
co-phase resonant current on patches and cancel out the cross-polar components.

3.6 Effect of Non-uniform Element Width

As mentioned earlier one technique to improve the performance bandwidth is to im-
plement a linear increase in patch width. This method disturbs the far-field pattern
to some extent but greatly widens the resonant bandwidth. Certainly width pertur-
bation should not be drastic but gradual. To study the effect of incremental width
change along the array, three cases are considered first. Since the elements are dis-
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Table 3.2: Linear and Cross-linear Array

61

Linear Cross-linear | Cross-linear
Features at 2.0 GHz (10 elements) | (5 elements) | (10 elements)
Gain (dBi) 12.4 11.1 14.4
# of Side Lobes 12 6 12
Maximum Cross-polar o o
Level (dB) (6 = 0) -16.8 @0 -23.5 @ 54° | -27.2Q 61
Beamwidth (deg.) 130 25.0 13.0

Dimensions (mm): W = 3.6, W, = 37.5, L, =41.3, d =0.6 at 2.0 GHz
Cross-linear: (10 Patches) L = 467.8 ; (20 Patches) L =936.3, D =93.5~ A;, D/2=46.T= \;/2
Linear with 10 Patches: L =936.3, D =93.5= ),

crete, the linear increase takes discrete values.

Figure 3.16 gives an example of linearly progressive width increase. It also includes
the progressive increase in length discussed in the next section.

The uniform array of Figure 3.1 in conjunction with the progression method shown
in Figure 3.16 can be referred to as the geometry of this and the following sections.
For the linear progressive increase in width, elements beyond the first patch near the
source receive incremental increase in width which is based on some percentage of
width. The mathematical terms for the linear progressive width increase takes the
form

W,

n = Wy +nAW,

where n is the integer multiplier which corresponds to number of percentage increase
in width as progresses and AW, is the incremental width added to the original patch
width. This method is similar to constant increase of elements width with respect to
the previous width size but reduces the problem of determining patch width for each
step. Figure 3.17.(a) demonstrates the wider bandwidth due to different percentage
increases in width. No significant improvement is observed for less than 1.0% width
increase. 2.0% percent increase broadens the bandwidth to 2.0%, which is used in
different patterns in order to investigate the best possible progression across the array.

Figure 3.17.(b) presents the various progression patterns in contrast with the linear



T Ty R

3. Array Configurations 62

Microstrip Source Line Matched Load for Traveling-wave Scenario
W =36, L =936.3, L, =41.3, d =0.6, D =239.9 (all in mm)
Width Change: 10-element open-ended array with first element width of W, = 37.5 mm
Length Change: 10-element open-ended array with first element length of L, = 41.3 mm

Figure 3.16: Geometry of Linearly Progressive Width or Length Increase

increase. In the V-type progression the center element(s) retains the natural resonant
dimensions while the elements toward the array ends receive progressive increase in
width. The A-type is similar to the V-type but a progressive decrease in width is
established across the array. In the S-type progressive decrease is applied to elements
on the left of center patch(es) while linear increase is set along elements on the right
side of array.

None of the suggested patterns improve the bandwidth favorably and only linear
2.0% progression seems to provide a symmetric and enhanced bandwidth. The side
effect of enhanced bandwidth is distortion and increase of the cross-polar field which
result in degradation of overall pattern and reduced efficiency (Figure 3.18).

3.7 Effect of Non-uniform Element Length

The same approach is applied to the resonant lengths of the array. Since the resonance
of each patch is mainly governed by its resonant length, the percentage change in
length should be very minimal. If the effective progression for patch width is 2.0% ,
then the progression of length should be of the order 0.2% or less.
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Effect of Non-uniform Width on Bandwidth
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Figure 3.17: Effect of Width Change across Array on VSWR
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Figure 3.18: Pattern Distortion due to Linearly Progressive Width Increase

Two cases of length progression are considered for the purpose of investigating
the effect of non-uniform patch length change and the outcome demonstrates the
effectiveness of the technique. The bandwidth enhancement is measured by how

64

wide the resonance frequency band is placed for return losses of less than -10 dB.

The first trend follows a V-type progression meaning the center elements maintain
the designed resonant length and elements on both sides undergo 0.1% progressive

increase in length. The S-type configuration is obtained by 0.1% positive progression

on one side of the array while a negative progression is established on the other portion

of the array with respect to the center element(s).

In a 10-element uniform array, two middle patches remain at the design resonant

length at 2.0 GHz and other patches receive a progressive change in length.
As shown in Figure 3.19, the V-type progression brings about a frequency shift
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Return Loss for Non-uniform Element Length across a Uniform Array
0A
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Dimensions (mm): W = 3.6, L =936.3, W, =375, d=0.6, D=39.9
10-element array with open termination and center elements length of L, = 41.3 mm

Figure 3.19: Bandwidth Improvement by Progressive Length Change across an Array

which approximately coincides with the average of resonant lengths of all elements.
However, the bandwidth improves from 1.2% to 2.0%.

The S-type progression provides a symmetric bandwidth about the design fre-
quency and enhances the bandwidth to 2.2%. The progression was positive for the
elements near the source and negative for elements towards the array end. This
caused a slight shift in overall resonance which compensated for the deviation from
the design frequency of the uniform array. If the progression reverses, the resonance
shifts further away from the design frequency.

The effect on pattern due to such modification varies for each progression. The
V-type progression exhibits some increase in side lobe levels and smoother nulls (Fig-
ure 3.20). In contrary, the S-type cause unsymmetric side lobes with respect to the
main lobe in addition of smoother nulls which are indicative of differences in patch
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resonance.

Radiation Pattern for Non-uniform Element Length across a Uniform Array
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Dimensions (mm): W = 3.6, L =936.3, W, =375, d=0.6, D =239.9
10-element array with open termination and center elements length of L, = 41.3 mm (¢ = 0)

Figure 3.20: Effect of Progressive Length Change across a Uniform Array at 2 GHz

The cross-polarization increases at higher frequencies for both types but compa-
rable or less at center and lower frequencies in comparison to the uniform case. The
V-type has slightly lower cross-polar components at lower frequencies and marginally
higher level at upper frequency bandwidth in contrast to the S-type.

Applying progressive length increment across the array appears as an efficient
method to broaden the bandwidth while keeping the cross-polarization in a reasonable
level. In practice, non-uniform length may exist due to imperfection in fabrication
and is an inevitable factor. As seen in this section, minor inaccuracy in length sizes
determines the performance of the array where such inexactness in width does not

affect the characteristic significantly.
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3.8 Dual Polarization Capability

As discussed earlier, either y- or x-pclarization with respect to feedline current can
be achieved, if proper orientation of radiating edges is maintained. When width
(radiating edge) is parallel to the feeding strip, y-polarization is obtained and in case
of patch width normal to the feedline x-polarization is achieved. In standing-wave
feeding, the maximum coupling for y-polarized radiators occurs at voltage standing-
wave maxima where x-polarization is achieved best when resonators are placed at
current standing-wave maxima. The standing-wave pattern and existence of 90° phase
shift between voltage and current standing-waves for both open- and short-circuited
termination are shown in Figure 2.2. This characteristic provides the capability of
dual band and dual polarization or three other possible combinations with a single

antenna configuration.

3.9 Dual Configuration

The configuration under study enables us to have dual band and/or dual polarization
array arrangements. This feature is investigated by an attempt to design and simulate
a dual polarized array operating in two bands of 2.0 and 5.0 GHz (Figure 3.21) which
correspond to the s- and c-bands in frequency spectrum. The design procedure for
various resenators at 2.0 GHz band has previously been presented and here only the
5.0 GHz band design is briefly explained.

In order to reduce the simulation time, an array of 5\, at 2.0 GHz is preferred.
This requires 5 elements in the s-band and about 12 elements in the c-band. Shorter
array also removes any concern over amplitude and phase dispersion in the material.

The approach is to base the design on the c-band since any adjustments in c-band
has little effect on the s-band design. An x-polarized array of resonators at 5 GHz
band and an y-polarized arrangement of radiators at 2 GHz band are decided.

The resonator design begins with estimates using the conventioznal formulaticn.
Resonant length for a patch of 10.0 mm width is computed to be 16.5 mm. When
patch is placed in proximity of 500 feedline, the resonant length at 5.0 GHz is about
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1

; ] ¢

S-Band: Wy =25.0, Ly =41.8, d2 =03, Dy =94.0 = Ay
C-Band: Wps =10.0, Lps = 16.6, ds=10 Ds =376 Ags
All dimensions in mm: Z, =50, W =3.6, L =463.0, h = 1.524, ¢, = 3.2

Figure 3.21: Geometry of Dual Band Array Configuration

16.6 mm. A quick comparison between 5-GHz resonator and 2-GHz ones casts light
on how drastic the difference is (Figure 3.22). A comparison of identical patch widths
appears inadequate while width to wavelength ratio seems a more reasonable con-
trasting measure. The coupling greatly increases at higher frequencies (as seen in
Figure 3.22) for the same range of gap distance. Simple direct frequency scaling is
used to determine gap limits of c-band corresponding to the range in the s-band.

It appears that a set of design curves at one resonance frequency does not apply

directly to designs at any other frequency.

3.9.1 Simulation Results

In order to avoid difficulty of finding the proper feedline length corresponding to the
open-circuited line at 2.0 GHz band and short-circuited at 5.0 GHz band, traveling-
wave feeding method is chosen. In case of dual band array, the simplest way is to
provide a matched load to the feedline prior to placement of elements and apply
matching at both bands at the source end after including the elements. For this case
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Relative Coupling in Terms of Gap Distance at Two Resonant Frequency
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Single x-polarized patch with short-circuited termination as in Figure 2.4

Figure 3.22: Comparison of Coupling at Two Resonant Frequencies

a 5052 probe load is placed at the termination; therefore no transmission loss, Sq), is
measured.

At the resonant frequency, coupling to patches imposes some impedance on the
feedline and consequently mismatch occurs within the resonant band of radiators. At
frequencies where no coupling takes place, the input impedance seen at the source is
matched and no reflection is anticipated. Thus the greatest mismatch occurs where
strongest coupling exists. The return loss plot, therefore, represents a maximum
reflection at the resonance and reducing reflection coefficient at other frequencies.
Figure 3.23 demonstrates a resonance at 1.99 GHz for the s-band and another at 5.02
GHz in c-band. Further matching is required to improve the return loss.

Figure 3.24 verifies the design with acceptable cross-polarization. Since the width

to guided wavelength is the same for both resonators, similar cross-polarization is
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Return Loss for Low (2-GHz) Band Array
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Figure 3.23: Resonance Behavior of Dual Band Array with Matched Feedline (Fig-
ure 3.21)
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Radiation Pattern of Low (2-GHz) Band Array
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achieved at resonance frequency, regardless of polarization type. Both patterns are
in ¢ = 0 plane where the dominant field components are interchanged. E, is the
cross-polar component as opposed to E,, co-polar field, for the s-band antenna. The
patterns in @ = 90° plane at each bands corresponds to the single patch patterns
which is not included here.

3.9.2 Planar Dual Band Array Configuration

Further expansion of the dual band dual polarized linear array to a planar array
is possible and the effect of such expansion and the considerations required for the
design are investigated next. Once again, the traveling-wave as means of excitation
is used and the difficulty of positioning the elements at proper maxima is avoided.
Figure 3.25 illustrates the expanded form where the separation between two branches
is chosen to be 60 mm. Based on the array theory, the optimal separation between
each two elements of an array ranges from 0.5\, to 0.8%,. The design of planar dual
band array is a difficult task and the choice of 60 mm separation is made carefully to
compromise between the array separation of each band.

The challenge of planar dual array is taken for an y-polarized low band array at 2.0
GHz (in S-band) and an x-polarized high band at 4.5 GHz (in C-band). The choice
of 4.5 GHz operating frequency provides a separation less than A, which nevertheless
falls out of the above optimal range. However, appearance of grating lobes in each
plane is investigated in the simulations.

The y-polarized patches are resonant about 2.0 GHz and the separation of 60
mm between two branches corresponds to 0.4)\3, where the superscript relates to the
2-GHz band or s-band. The x-polarized patches are chosen to be resonant at 4.5 GHz
for which the 60 mm separation corresponds to 0.9A¢ at the operating frequency in
c-band.

In order to obtain an equal division of power at the probe feed, the feedline
impedance of Z, = 100Q is used. With material properties of h = 1.524 mm and
€ = 3.2, the feedline width is calculated to be 0.95 mm. Figure 3.25 contains the
geometry and the important parameters of the array. The case of a single linear arr