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ABSTRACT

The analysis of scattering from an infinite periodic array of microstrip patches is used to
study line-source-fed single-layer microstrip reflectarrays. An application of these reflec-

tarrays 1s in high-gain conformal antennas.

Employing rectangular patch geometries in the modelling, reflection phase properties of
the reflectarrays are rigorously investigated. Effect of important parameters, such as, patch
dimension, substrate permittivity and thickness, are examined. Included in the study is the
effect of unattainable reflection phase on phase correction errors and far-field radiation
characternistics. A formulation based on phased array and aperture theories is derived for

the far-field analysis.

For the analysis of an infinite periodic array of single-layer rectangular microstrip patches,
an empirical expression is formulated for approximating the TE-to-z reflection coefficient
phase with the incident angle. Also, for computing individual reflectarray far-field terms,

simple symmetry formulations are presented.

In addition, multiple patch geometries for the reflectarray are examined. A new hat-shaped
patch geometry is introduced in combination with rectangular patch array, for enhanced
performance. Far-field radiation characteristics, using tapered distribution schemes for
line-source excitations, are compared with those of the uniform distribution. Subse-

quently, an offset-fed reflectarray is also proposed.
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1 Introduction

Planar periodic arrays of conducting patches have many applications, because of their
varying reflection and transmission properties with frequency [1]. They are used as fre-
quency-selective surfaces (FSS), also known as dichroic surfaces. They are also utilized
extensively as filters in microwave and optical technologies [2][3], dichroic subreflectors
in multifrequency antenna systems [4], polarization gratings and diplexers [3]{5]. Their
analysis techniques are also employed in the design and investigation of microstrip reflec-

tarrays.

1.1 MICROSTRIP REFLECTARRAY

According to Berry et. al., a reflectarray incorporates many desirable features of reflector
antennas and planar arrays [6]. Instead of a corporate feed line, a feed antenna is used to
illuminate its conducting patch elements, which are designed to scatter the incident field
with an appropriate phase necessary to form a co-phasal aperture plane in front of the
reflectarray. Thus, through this spatial feeding scheme, losses attributed to the array feed
network are avoided. Recently, a similar spatial feeding technique is also employed in

spatial power combiners [3].

Chapter |: Introduction -1- University of Manitoba



A common implementation of the reflectarray is in the form of microstrip antenna array,
thus, the term microstrip reflectarray. A photograph of a microstrip reflectarray is

depicted in Fig. 1-1.

Microstrip reflectarrays are alternatives to the more traditional parabolic reflector anten-
nas in certain applications because of their unique properties. In particular, these reflectar-
rays are aestethically pleasing in appearance, lightweight and compact, and have good

efficiencies and high gains [7].

Fig. 1-1: A microstrip reflectarray without the feed antenna. (Courtesy of C. B.
Ravipati, D. Gray and L. Shafai, The University of Manitoba, Canada.)

Chapter 1: Introduction -2- University of Manitoba



Several variations of microstrip reflectarrays have been designed and fabricated. It is
believed that each of these different types of reflectarrays has its own merits over the oth-

€rIs.

Among the most common ones are the variable-stub-length reflectarrays {8]-[10], the
variable-patch-size reflectarrays [7] and the variably-rotated-patch reflectarrays [11].
These designs utilize prudent variations of geometrical parameters of individual array ele-

ments for focussing the beam.

Other classes of microstrip reflectarrays also exist. Namely, those that employ a lattice
variation [12]-[16], and those that combine both element geometry and lattice variations

[17], to achieve the same purpose.

1.2 REFLECTARRAY DEVELOPMENTS

The reflectarray is an old technology that dates back to early 1960s [6][7]. It is only in
recent years, with the advent of inexpensive, faster and larger-memory computers, low-
cost but highly efficiency software tools, and improved microstrip fabrication techniques,
that this antenna technology has gained renewed interests in both terrestrial and space-
borne telecommunications systems. Generally, the analysis and design of a microstrip
reflectarray requires intense numerical computations before it is fabricated and con-

structed.

Chapter 1: Introduction -3- University of Manitoba



This section presents a brief overview of the historical developments of the microstrip
reflectarray and its projected future directions. Also, since an infinite array approach will
be utilized extensively in this thesis, for the analysis and design of line-source-fed single-
layer microstrip reflectarrays, a short introduction to the concept of infinite periodic array

of conducting patches is presented.

1.2.1 Early Developments

The idea of reflectarray was first introduced by Malech in 1962 [7], and its comprehensive
description was published by Berry et. al. a year later [6]. It utilizes a periodic array of
elementary antennas (i.e. elementary antennas configured into a periodic lattice) as the
reflecting surface, and was experimentally demonstrated using periodic arrays of rectan-

gular waveguides.

The reflectarray concept was introduced for performing beam scanning, similar to that of
a phased array, but without the complexities (such as high fabrication costs, bulkiness and
massiveness) and losses of its feed network. A space feeding scheme using a feed antenna

for illuminating the reflecting surface was employed in an offset-fed configuration.

In 1978, Malagisi introduced a microstrip implementation of the reflectarray [18], and
was patented by Munson ez. a/. in 1987 [19]. In this design, the planar reflecting surface is
comprised of an array of microstrip patches, loaded with stubs of varying lengths for
adjusting the reflection phase. Presently, this is one of the reflectarray designs that is being

investigated and improved by antenna researchers.

Chapter !: Introduction -4- University of Manitoba



Another reflectarray design was conceived by Phelan in 1977 [20]. In this case, large dis-
crete spiral elements, with limited switchable positions, were introduced to control the

reflection phase of circularly polarized waves.

1.2.2 Next Generation Reflectarrays

Presently, the term “reflectarray” is commonly referred to as planar reflectors. These
antennas can be categorized into periodic arrays or as quasi-periodic arrays. Quasi-peri-
odic arrays are comprised of blazed grating reflectors (which produce higher-order dif-
fraction modes) and Fresnel zone plate planar reflectors. Periodic planar reflectors, on the
other hand, are reflectarrays which have varying element geometries arranged in periodic
lattices. These elements are either stub-loaded patches, or dipoles and rectangular (or

square) patches.

In addition, these next generation reflectarrays may be constructed with single-layered, or
stacked-layered elements, and as single-piece, or dual-piece, reflectors. The following

sections describe some of these planar reflectors.

1.2.3 Variable-Stub-Length Reflectarrays

Analyses of microstrip reflectarrays that employ variable-stub-length patch elements for
reflection phase corrections were first published in the open literature by Huang [22] and

Metzler [21]. Subsequently, Chang and Huang reported the first microstrip reflectarray

Chapter 1: Introduction -5- University of Manitoba



fabricated using variable-stub-length patch elements, and verified their design through

measurements [8].

An infinite periodic array modelling technique was employed by Metzler in his analysis
and design of a microstrip reflectarray operating at SGHz, which was verified experimen-
tally [21]. In his design, microstrip patch elements are printed in a triangular lattice array,
and each patch element is attached a straight stub. These stubbed patches were also
employed by Zhuang et. al. in a 25-element microstrip reflectarray [23], and in co-linear
arrays of indented patches {24}, and subsequently, by Javor et. al. in a 4 x 3 -element
microstrip reflectarray for linear-phased, dual-polarized beam, with added beam-switch-

ing capabilities [25].

A microstrip reflectarray with /656 patch elements consisting of both straight and 90°
bent stubs in rectangular lattice array was designed by Chang and Huang for dual-linear
and dual-circular polarization capability in the X-band, but experimentally demonstrated
only the linear polarization case [9]. Cross-polarization analysis was also performed in

this study, which indicated minimal cross-polarization levels.

1.2.4 Variable-Patch-Size Reflectarray

Another common type of reflectarray is the variable-patch-size microstrip reflectarray.
Microstrip crossed-dipoles are the earliest microstrip elements without stubs to be

employed as a reflecting patch array in a microstrip reflectarray, and this was patented and
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fabricated by Malibu Research Associates [26]. This design utilized varying dipole
lengths for reflection phase control, instead of varying stub lengths. Subsequently, Pozar
and Metzler presented the first analysis of a variable-patch-length microstrip reflectarray

and demonstrated that it performs better than a variable-stub-length patch array [27].

The microstrip reflectarray using variable-patch-length elements was first fabricated and
tested at SGHz by Targonski and Pozar [28]. Eventually, a full and concise literal discus-
sion on the analysis and design of the variable-patch-length microstrip reflectarray was
published by Pozar et. al. [7]. Experimental evaluation of four reflectarrays for millime-

ter-wave applications was also discussed in [7].

More recently, crossed-dipoles microstrip reflectarrays were proposed by Pozar and Tar-
gonski for overlaying onto the solar panel of space vehicles, and performances of crossed-

dipoles and square patches were compared [29].

1.2.5 Movable and Rotated Element Reflectarray

Position switchable spiral elements were introduced in a reflectarray by Phelan in 1977
[20]. A decade later, a similar idea by Cooley er. al. emerged in the form of a reflectarray
with movable dielectric rods to vary th effective dielectric constant of the substrate [30].

This design was demonstrated through the use of an array waveguide simulator.

In recent years, Huang and Pogorzelski published their work on a Ka-band microstrip

reflectarray with 6924 variably-rotated patch elements [11][31][32]. This is the first pub-
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licized circularly-polarized microstrip reflectarray to be fabricated and tested. In this
design, circularly-polarized microstrip elements were rotated to varying angles to achieve

phase collimation.

1.2.6 Stacked Element Reflectarrays

Due to inherent narrowband characteristics of microstrip reflectarrays, and the high
demand for dual-frequency antennas, stacked element configurations with dual-frequency
capabilities were proposed [33][34]. Wu er. al. presented numerically simulated results of
doubly-stacked arrays of variable-stub-length patches, in which mutual coupling between
stacked layers were not included in the simulations, but had acknowledged its importance
in design considerations [33]. Encinar, on the other hand, numerically simulated doubly-
stacked arrays of variable-patch-length patches for a reflectarray using the generalized
scattering matrix (GSM) formulations for multilayer periodic structures [34]. The offset-

fed reflectarray configuration was employed in this design.

1.2.7 Blazed Gratings and Fresnel Zone Plate Planar Reflectors

These reflectors are generally categorized as quasi-periodic planar reflectors due to their
quasi-periodic array lattices utilized as the reflecting surface. Rigorous analyses and
design work on blazed gratings (also known as frequency-scanned gratings) planar reflec-
tors were performed by Johansson a decade ago [12]-[15]. A quasi-periodic lattice varia-
tion was utilized to achieve blazed reflection, whereby a first higher-order diffraction

mode was excited. Microstrip dipoles and annular rings were employed as element grat-
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ings in the design. An aperture efficiency of 56% was achieved for the dipole grating

reflector.

A feasibility study was performed by Baruch and Leviatan using line-source illuminated,
quasi-periodic, finite echelette gratings [35]. Beam steering through frequency scanning,
and radiation sensitivity to grating fabrication errors and improper feed location, were
analyzed numerically. Further work is necessary for practical implementation of this

design.

Guo and Barton designed and fabricated a Fresnel zone plate planar reflector, which

attained phase collimation using circular arrays of conducting ring elements of varied
sizes and element spacings [17]. A measured efficiency of only 43% was reported for this

reflector.

1.2.8 Dual-Planar Reflectors

The earliest dual-planar reflector construction was reported by Pozar er. al. in 1997, which
was in the form of a 77GHz Cassegrain microstrip reflectarray [7]. A small hyperboloid

subreflector was utilized in this design.

Subsequently, a folded reflectarray was fabricated by Pilz and Menzel, and Menzel et. al.,
for operation at 20GHz [36]-[38]. In this design, a planar polarizing grid was employed

as a subreflector, and a microstrip twist reflector was used as the main reflector.
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Yet another type of dual-planar reflector was introduced by Shaker and Cuhaci [16]. It
was constructed using two blazed grating planar reflectors, and the concept of beam
squint cancellation was employed in an attempt to decrease the frequency-dependent

beam squint [39][40] problem.

1.3 MICROSTRIP REFLECTARRAY ANALYSIS TECHNIQUES

As there has been much research on microstrip reflectarrays, various analysis and design
techniques have been introduced. The following sections describe several of the most pop-

ular techniques.

1.3.1 Waveguide Simulator Technique

Through this technique, the microstrip reflectarray is experimentally simulated and
designed [21]{30]. Here, the simulator is used to measure the plane wave reflection coeffi-
cient of large periodic arrays, which is accomplished by imaging a test element onto the
walls of the waveguide simulator. This requires that the test element be symmetrical along
the x- and y- axes. In order to simulate periodic arrays with non-symmetric elements, an
alternate symmetric element is employed, an example of which is discussed in [21]. How-
ever, this experimental technique is accurate only for weak mutual coupling on the reflec-

tarray [30].
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1.3.2 Finite Array Approach

A computationally simple technique, the finite array approach, was first discussed by
Huang in his microstrip reflectarray analysis [22]. This technique is based on the Fraun-
hofer aperture field integration on the projected aperture plane of the reflectarray, and was
also utilized by Chang and Huang [9]. In this formulation, mutual coupling is assumed to
be negligible, and full-wave scattering effects, such as the existence of other propagating
modes, are ignored. This modelling approach is well-suited for variably-rotated micros-

trip reflectarray analyses and designs [11].

1.3.3 Infinite Array Approach

This is an infinite periodic array technique for the design of a microstrip reflectarray,
which was first presented by Metzler [21]. In this technique, the unknown current distri-
bution on a single conducting element in the array is first obtained. This requires rigorous
computation effort as compared to the simpler finite array approach discussed in [8]-[11]
[22][31][32][41][42]. From the current coefficients obtained, the reflection phase and the
scattered fields of the reflectarray are then approximated. Mutual coupling between array

elements is accounted for through Floquet modal formulations [43].

A similar infinite periodic array approach was employed by Johansson in his analysis and
design of quasi-periodic planar reflectors, but with additional formulations included for

first-order diffracted fields [12]-[15]. For multilayered microstrip reflectarray, on the other
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hand, the generalized scattering matrix for analyzing periodic structures may be utilized,

as proposed by Encinar [34].

Furthermore, a Conjugate-Gradient - Fast-Fourier-Transform (CG-FFT) method for infi-
nite periodic array analysis was employed in the analysis of a stubbed microstrip patch
reflectarray by Zhuang er. al. [23][24]. This method enables a more efficient computation

of stubbed patch arrays.

1.4 INFINITE PERIODIC ARRAY OF CONDUCTING PATCHES

Conducting patch elements, or aperture elements on a conducting screen, can be arranged
such that they are periodic in two planar directions. These structures, generally known as
doubly periodic gratings, or simply, bigratings [44], possess frequency-selective surface
(FSS) properties. Some grating geometries may also possess circular-polarization-selec-

tive surface (CPSS) properties [45]-[47].

1.4.1 Single-layer Analysis Techniques

In the case of a single-layer infinite periodic patch arrays, numerous methods have been
proposed for analyzing its characteristics. Ott et.al. [48] utilized an electric field integral
equation (EFIE) approach and enforced the point-matching method for solving them.
Chen and Montgomery proposed a periodic modal analysis approach in which current
densities are represented as orthogonal mode functions and mode-matching them appro-

priately [49][S0]. It is recently used successfully in designing frequency-scanned planar
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reflectors by Johansson [12]-[15]. The periodic spectral domain Green’s function
approach has also been introduced [51]-[56], and its convergence accelerated using

Ewald’s and lattice-sum methods [57][58].

1.4.2 Analysis Techniques for Complex Geometries

In attempts to overcome difficulties in handling complex periodic array geometries, the
Finite-Difference Time-Domain (FDTD) method using Floquet boundary conditions has
been employed [59]-[62]. The hybrid finite-element - boundary-integral (FE-BI) tech-
niques are also implemented [63]-[68]. Additional progress were achieved by Reed and
Byrne on a modal analysis of multiple apertures within a periodic cell [69], which was
further extended by Bozzi and Perregrini recently, for multiple arbitrary planar patch
geometries using the Boundary Integral - Resonant Mode Expansion (BI-RME) method

[70][71].

1.4.3 Multilayer Structures

Several of the single-layer periodic structures may be cascaded together to form a multi-
layer periodic structure, which has modified reflective and angular properties [72). How-
ever, for an accurate predictions of these properties, the mutual coupling between the
layers must be accounted for in the formulations [72]. The analysis thus becomes more
complex. Furthermore, a multilayer structure may be too thick and bulky for certain appli-

cations where space and weight are limited.
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1.5 RESEARCH MOTIVATIONS, OBJECTIVE AND APPROACH

Among many advantages of microstrip reflectarrays, there are also some serious perfor-
mance shortcomings that still need to be improved, particularly the issue of limited band-

width [7][10][41].

1.5.1 Research Motivations

The restricted bandwidth of a microstrip reflectarray is largely attributed to:

(i) the narrow bandwidth of the patch elements and feed,
(ii) the improper design of the frequency dependent lattice geometry of the array,
(iii) the differential spatial phase delay due to an extended path length between the
feed and reflectarray [10}{41], and
(iv) the inherent phase errors produced as a result of the changes in the patch
dimensions which are required to collimate the beam [7].
Furthermore, such restrictions on bandwidth can contribute to the effects of undesired

beam squinting [40]{72] in offset-fed configurations.

Typically for a single-layer rectangular microstrip patch reflectarray, the reflection coeffi-
cient phase is relatively constant for both short and long patch lengths. However, it is
highly sensitive to the patch length variation at near resonant lengths, creating a relatively
narrow bandwidth for patch lengths in this region [7]. This is especially so, if the incident

angle of the incoming beam is relatively large.
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In order to improve the bandwidth of these reflectarrays, multilayer microstrip patches are
introduced [34][73]. But, multilayer configurations are costly and generally impractical,
due to surface wave effects, at millimeter-wave frequencies such as the Ka-bands. With
single-layer microstrip reflectarrays, thick substrates are utilized for bandwidth enhance-
ments [7][74]. A thick substrate, however, has a large unattainable reflection phase range
{7], which requires further investigations to understand its dependence on the substrate
parameters and patch geometries. Surface wave losses can also be excessive in these sub-

strates, which prefer the use of low permittivity foam type substrates.

1.5.2 Research Objective

The primary objective of this research is to investigate the performance of a new line-
source-fed single-layer microstrip reflectarray through numerical modelling, and also, to
simplify the analysis and design procedures. To achieve this, parameters that govern the
performance of the line-source-fed microstrip reflectarray are rigorously examined, and

the physical design constraints of the reflectarray explicitly identified.

1.5.3 Research Outline and Approach

The infinite periodic array theory is utilized as a modelling tool [7] [27]-[29] in this study,
which would be addressed in Chapter 2. The analysis of an infinite periodic patch array is
based on a modal formulation involving the Floquet’s theorem [50]. The electric field
integral equation (EFIE) based on the Floquet modal formulations, for scattering by an

infinite periodic array of thin conductors on a dielectric sheet, is first derived.
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Upon enforcing the proper boundary conditions, an eigenvalue equation is then obtained
through the Galerkin’s method of moment (MoM), where either the entire-domain sinuso-
idal or subdomain roof-top basis function expansion is employed. Subsequently, the
unknown coefficients are determined numerically through solving a linear matrix equa-

tion.

Since commercial softwares capable of such simulations are unavailable, customized soft-
wares are built in-house. Very intensive computer programming is therefore performed for
approximately 80% of the entire work. The complex computer code was built entirely by
the author in the interval of /5 months, and computing resources were spent on produc-
ing an accurate, functioning code known as ARCOF, from which the infinite periodic

array analysis results were eventually published [75]-[78].

Subsequently, a comprehensive postprocessing code, EFEL, was developed to post-pro-
cess data generated by ARCOF. Extensive time, in the interval of /0 months, were again
taken to develop and debug this postprocessor. Consequently, excellent results were
obtained through repeated simulations using these codes for the reflectarray studies,

which were also published {79]-[86].

The software package consists of ARCOF, a code for the infinite periodic array analysis,
and EFEL, a code to post-process data generated by ARCOF. Further details of this soft-

ware package are presented in Appendix B.
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1.5.4 Chapter Descriptions

The following outlines the objectives and content of each subsequent chapters in this the-
sis:
o Chapter 2: Infinite Periodic Patch Arrays

This chapter describes the theory of infinite periodic patch arrays, based on

the EFIE Floquet modal formulations proposed by Montgomery [50], and

the investigation of their numerical convergences. Both entire-domain sinu-

soidal and subdomain roof-top basis functions are examined and compared.

e Chapter 3: Single-Layer Analysis
This chapter analyzes the reflection properties of a single-layer microstrip
patch array and its effects on the array far-field radiation performance. For

a center-fed reflectarray configuration, two discriminatively different sub-

strates are utilized, namely, a thin €, = 2.5 substrate and a thick foam

(g, = 1.03) substrate.

e Chapter 4: Some Essential Design Concepts.

As an extension to concepts discussed in Chapter 3. Further line-source-fed
microstrip reflectarray concepts are presented in this chapter. Center-fed

configurations are utilized for this discussion.

e Chapter 5: Offset-Fed Configuration

In this chapter, an offset-fed configuration is proposed and evaluated, to
enhance the far-field radiation performance of a line-source-fed microstrip

reflectarray. Also, properties unique to this configuration are compared to
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that of the center-fed configuration of Chapter 3 and Chapter 4, and its line-

source distribution effects investigated.

e Chapter 6: Summary and Future Research

A summary of this thesis is provided in this chapter, which includes a pro-

posal for future research.
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2 Infinite Periodic Patch Array

To gain an insight into the scattering characteristics of an infinite periodic array of rectan-
gular, perfectly conducting patches, an analysis on the scattering properties of the infinite
periodic array is performed. The analysis is based on modal formulations involving the

Floquet’s Theorem.

The analysis is applied through numerical computations in which only the aspect ratios of
the patches are varied. Consequently, the effect of changing aspect ratios are then studied.
The reflection properties considered in these computations are the variations of reflection
coefficients with respect to parameters such as frequencies, TE-to-z incident angles, num-

ber of basis functions and number of the Floquet mode terms.

This study also serves to verify the accuracy and robustness of the computer code ARCOF;,
developed for microstrip reflectarray simulations. A brief description of this code is pre-

sented in Appendix B.

2.1 FLOQUET MODAL FORMULATIONS

In this analysis, the modal formulations involving the Floquet’s Theorem [50] are utilized.

Fig. 2-1 illustrates the schematic of an array of arbitrarily shaped patches attached to the
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surface of a dielectric sheet of permittivity ;. Each of these patches are assumed to be

identical. Furthermore, they are infinitely thin and perfectly conducting. All media, except
for the patch elements, are isotropic, homogeneous dielectric materials with zero-conduc-

tivity.

In this analysis, a plane wave is taken as the incident wave. As such, the infinite array of
conducting patches will be excited uniformly. By exploiting the periodicity of the array,
only a single periodic cell has to be analyzed [43]. Such an evaluation is carried out
through the application of the Floquet’s Theorem, whereby the mutual coupling effects
between individual elements are automatically accounted for [43]. The analysis presented

here is based upon that proposed in [50]. Throughout this thesis, the time dependence

iwe? .
e’ is assumed.

Thin conducting
9, =0, patch element of
Uniform incident plane zballt.rezrﬁ'shape
wave (consisting of only
a propagating first-order )
Floquet mode) Region 1
z —
z=-z

Fig. 2-1: Cross section of an infinite periodic patch array. All media, except for the patch
elements, are isotropic, homogeneous dielectric materials with zero-conductivity.
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2.1.1 Boundary Conditions

The incident plane wave can be assumed to consist of only the propagating first Floquet
mode. Thus, in the absence of the conducting patches, but in the presence of the dielectric

sheet, the field equations in different regions can be obtained as described in [50]. That is,
with the subscript 7" denoting the transverse component, m being the index for the trans-

verse modes (m = [, 2 relates to the TM-to-z and TE-to-z modes, respectively) and 00

representing the first-order (00 -th) Floquet mode, the total £ and A fields in region |

(for z 2 0) due to the dielectric sheet alone are given as

i r - J 1)): T2\ =
EP0) = EP ) +EP ) = Z{B,(,P(e’ﬁ”‘ +RGpe” e e }T‘(r(;{go} @D

m

and

O = B3 +BY ¢

) ( iTw= T2\ k-t 2
= Z{B(l) cmOO( Rr(nzlgoe )e 2% Kmoo}’ (2'2)

respectively. Here, R(2), is the first-order (00-th) Floquet modal, or specular, reflection

coefficient due to a dielectric sheet of thickness z, at boundary z = 0. The amplitude of

the incident plane wave is denoted by B(Y), the Floquet modal admittance for region 1 by
m

1 . . . .
C,(,, 30 , the transverse Floquet modal propagation vector and unit vector in region 1 by

/
I(m)o and K,,,I(;O , respectively, and the z-component of the Floquet modal propagation con-
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stant in region | by I' g{,). Detailed expressions of these parameters are provided in

Appendix A, Section A.l. However, in the presence of the conducting patches only, the

fields due to the currents on these patches at z = 0 can be expressed as [50]:

Inregion 1 forz=0,

% JCoa? o ¥ (1)

Er'(») = Z{A,(,{,)q pe ’"x,,,pq (2-3a)

mpq
T (P) = —z Amqumpq )(Kmpq ) (2-3b)

mpq
In region 2 for —z,<z<0,
(2) JTaz @ 9N i, 2
BP0 = Z{(B&i?q e ) (2-4a)
mpq

r( 2, ) _.r(.’): _ .k(l) Ny -
AP0 = S8 e HY R G L e
mpgq

[nregion3 forz<—z,,

3 = kg, 3
EP () = Z{B,(ngq e Txf,,,jq} (2-5a)
mpq
Tz _ild)
3 J A 3
Ar®) = —Z{ ORSREA xxa.zq} (2-5b)
mpq
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A§), and B()  are complex coefficients dependent on the currents J,(»1) on the con-

ducting patches. With these fields defined, there are a total of four boundary conditions

associated with this problem. These boundary conditions provide the following relation-

ships:
(a) For fields attributed to the currents on the conducting patches at z = 0, we have:

1. Atz = —z_, a partial reflection occurs in region 2. This is given as the continu-

ity of tangential E in regions 2 and 3, that is,

P, =EP P =1 2-6)

“a

ii. Atz = 0, the continuity of tangential E in regions 1 and 2 exits outside the

perfectly conducting patches, and this provides

B0, - B 2= e . @)

iii. Atz = 0, on the perfectly conducting patches, namely on ? = PT € A', there
is continuity of tangential A between regions 1 and 2. An expression for the

induced current on the patches is

e[ M|,_ -BP?|,_ ]| = %0p; r=rea. 2-8)
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(b) For fields attributed to the interaction of an incident plane wave on the dielectric sheet,
and as well as, to fields due to the currents on the conducting patches at z = 0, we
observe that the tangential E vanishes on the perfectly conducting patches, i.e. where

P = PTe A', and gives
d !
BP0, _,+ B M., = D. 2-9)

From the boundary conditions (2-6) through (2-9), and ensuing from some extensive alge-
braic manipulations, the Floquet modal form of the electric field integral equation (EFIE)
is obtained for the scattering by an infinite periodic array of thin conductors on an infinite

dielectric sheet as

(I
. I
5[ apcr+ g il |
m

(I

.I Tpq )- (I) jffrpq (,)
AZ {leq) [ mpq'j 7-7 (" ydr' ] mpq [ (2-10a)

mpgq mpq A

where
@ (1-R$)
Cf,f;’; = C(I;q Cmpq(_'%q (2-10b)
e S TR )
and
A0 o1 _fen o Kty (*,)d @-11)
mpq — T qC(eq)| mPq I s(Pp)dry -
mpq a
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with R(7)  being the Floquet modal reflection coefficient in region 2 due to the boundary

atz = being the Floquet modal admittance for region /, 4 being the cell area

Za> gmpq

and A' being the patch area. The complete expressions for these parameters are also

appended in Appendix A, Section A.l.

2.1.2 Solution with Entire-Domain Basis Functior Expansion

To solve (2-10a), the unknown current density JS(P'T) is expanded using the entire-

domain basis functions as

X, = Z{c,” ) @-12)

where 71,,,',,'( PT) are entire-domain modal basis vectors and c,,,. are their unknown modal
coefficients. These parameters are defined in Appendix A, Section A.2. In order to numer-

ically solve for ¢ the Galerkin’s Method of Moment [87] is employed. By substituting

m'n's

(2-12) into (2-10a) and rewriting, an eigenvalue equation is obtained as

Tevoo (P)- Z{BU)(HR(Z,)O)K;’,}(,

- mz{c

2{ (qu) r(nl.zq Y.E"I"Pq("r)][ f..'}q T(fl';'pq(r ) ]}} (2-13a)

mpq \>mpq

where

(D
Jkqu -*

Tfr:)n pq(’r) J.zm'n'(’r)e Tdrr (2-13b)
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is the orthogonal mode function associated with the current density J( Pr).

Using the index mapping n' — (n,,n,), the modal basis vector ﬁ,,,v,,v(i‘r) becomes

E,,,v,,/,,z (x, y) with the entire-domain basis vectors defined as [49]

n,m . mn )
Binny 69 = Fopo [ by (5o 9)% =y (5,7 for TM mode,  (2-14a)

nﬂt " nth .
R (5 3) = Foy, [Th,,,,,zx(x, Wi+, , (5 y)y] , for TE mode,  (2-14b)

where h,,l,,’_t(x, y) and A, , ,(x, y) are the entire-domain sinusoidal basis functions in x-

and y- directions, respectively, a and b are the patch dimensions in the x- and y- direc-

tions, respectively, and £, , is the normalization factor for the basis vectors. Detailed

L
expressions of these basis functions and parameters are presented in Appendix A, Section

A.2. Utilizing (2-14), the integral equation (2-13b) is evaluated through closed-form inte-

gration.

The eigenvalue equation (2-13a) is reduced to a linear matrix equation consisting of a

square matrix, in which its size is dependent on the number of modal terms used. This

equation is solved for the unknown coefficients c,,., using the various existing numerical

methods available.
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Subsequently, for a reference plane z = z,, the first-order (00 -th) Floquet modal, or

specular, reflection coefficient is obtained as

(r) (/)
+FE
T T
Rf,,”:)?;o) - (mom(i) (m00) (2-15)
ET

m0o0

where Eg) w0 and E(Tr() s, 3T€ first-order (00-th) Floquet modes of the incident and

reflected fields in region 1, respectively, and E(T/() o0y is the first-order (00 -th) Floquet

mode of the field in region 1 due to currents on the conducting patches.

2.2 INFINITE PERIODIC PATCH ARRAY IN FREE SPACE

Using these derivations, a numerical code ARCOF is developed for analyzing the reflec-
tion properties of an infinite periodic array of rectangular patches in free space, as illus-
trated in Fig. 2-2. For this investigation, the relative permittivity of the dielectric sheet is

set to unity, and the patches are assumed to be perfectly conducting and infinitely thin.

Assuming a TE-to-z incident plane wave, the analysis is performed by varying only the
aspect ratio b/a of the patches so that its effects can be studied. The properties considered

in these computations are the variations of reflection coefficient magnitudes for a TE-to-z

incident plane wave, denoted as IR%%O)I , with respect to parameters such as the frequen-

cies f, TE incident angles 0, number of basis function terms n,., (x-directed) and
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Fig. 2-2: Schematics of an infinite periodic patch array in free-space: (a) top-view, and
(b) coordinate system of a uniform incident plane wave employed in the analysis.
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Nmax (y-directed), and number of Floquet mode terms p, . (x-directed) and g, (y-

directed). In order to verify the validity of the numerical code developed in this study,
results from Fig. 2 of [49] (which had been verified through experimental data and from

[48]) were reproduced.

For this study, several periodic arrays having different patch aspect ratios, b/a, are stud-
ied. A normal incidence TE-to-z (i.e. §; = 90°) plane wave is assumed. As such, the E

vector is x-directed. In all cases, a fixed length of a = /.0cm is utilized for the perfectly

conducting patches. Also, each cell size in the array is set constantat s, = s, = 2.0cm.

2.2.1 Resonant Patch Current and Reflection Coefficient

Initially, the reflection coefficient IR%%O) I is computed for a number of cases. They are

compared with the existing data in the literature, to further validate the computer code. A

set of results are shown in Fig. 2-3, for different patch aspect ratios, and they agree well
with those in [56]. Note that for 2 = /.0cm and an x-polarized plane wave, a single
patch is resonant at /5.00GHz, regardless of its aspect ratio. This also manifest in the
infinite array, where the reflection coefficient becomes zero at /5.00GHz . But, it peaks to
about unity just before /5.00GHz. This peak, however, is somewhat frequency depen-
dent, being at /3.1/GHz for b/a = .00, decreasing to 12.45GHz for b/a = 0.50, and

increasing again to /2.63GHz for b/a = 0.25. Also, since the patch dimension a is con-
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Fig. 2-3: TE-to-z reflection coefficient due to frequency, evaluated using the entire-
domain basis function expansion, for different patch aspect ratios b/a. a = 1.0cm
and incident plane wave at 8, = 0° and o, = 90°.

stant, the number of basis functions along the x-direction is maintained at n,_, = 7.But
the number n,,.. , along the y-direction, is reduced from 7 to 0 as the aspect ratio b/a

decreases from unity to 0.25 . The number of Floquet modes, however, are kept constant

at 10,1e.p_.. = 10.

= dmax

Fig. 2-4 illustrates the current distributions on the perfectly conducting patches for the

case of b/a = 0.80 at f = f, = 12.65GHz with parameters n,_,, = n,,,. = 7 and

Pmax = 9max = 10. Since the patch is resonant along the x-direction and the incident
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Fig. 2-4: Current distribution of patches in free-space, evaluated using the entire-
domain basis function expansion, for b/a = 0.80 at f = f, = 12.65GHz. TE-to-z
plane wave at 8; = 0° and ¢, = 90°.

wave is x-polarized, the magnitude of the x-directed current distribution /| assumes a

sinusoidal curve along the x-axis. Along the y-axis, it is a U-shaped curve approximating
the current singularity at the edges, as shown in the figure. However, the y-directed cur-

rent distribution |J ,| is negligible along both the axes.

Similar observations can be made of the current distribution depicted in Fig. 2-5, which is

for the case of b/a = 0.25 at f = f, = 12.63GHz. In this case, the modal truncation

parameters discussed earlier are n; .. = 7, n, .. = 0 and p_,, = gm.x = 0. Since
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Fig. 2-5: Current distribution of patches in free-space, evaluated using the entire-domain
basis function expansion, for b/a = 0.25 at f = f = 12.63GHz. TE-to-z plane
wave at 6; = 0° and ¢, = 90°.

Pymax = 0, the current distribution |/ | is constant along the y-axis, as is illustrated in

the figure. The shape along the x-axis is very similar to that for the case of b/a = 0.80.

Again, the current distribution |/,| is negligible along both the axes.

In Fig. 2-6, the variation of IR%%O) | with patch dimension b is plotted for different fre-

quencies. It illustrates that the curves peak to unity at certain values of b which corre-
spond to the resonance phenomena at their respective frequencies. Particularly, for

f = 12.00GHz, the solution is unity at & = 0.49cm, and moves to b = [.3/cm for
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Fig. 2-6: TE-to-z reflection coefficient due to patch dimension b, evaluated using the
entire-dgmain basis function expansion for different frequencies f. 0, = 0° and
¢, = 90".

f = 14.00GHz. These peaks also tend to become wideband. In this analysis, it should be

pointed out, that, the fixed modal parameters are n, , = = 7 and

N 3max
Pmax = 9max — 10. Since the modal parameter n, . = n,.... = 7 is employed, the
solutions are presumed to be well converged when b is close to /.00cm, but become less

so as b gets smaller.

The relations between the aspect ratios b/a and the various array dimensions in terms of

their respective resonance wavelengths A, are as tabulated in Table 2-1.
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Table 2-1: Array dimensions in terms of wavelengths for TE-to-z incident plane wave
with 8, = 0° and ¢, = 90°. The parameters with fixed values are @ = /.0cm and

se =, = 2.0cm.

Aspect | Resomance | Resonance Cell size,
ratio, frequency, | wavelength, |Dimension a,|Dimension b, s/, = s, /A,
b/a f+(GHz) A, (cm) a/’k, b/\,

0.25 12.63 2.3753 0.42100 0.10525 0.84200
0.50 1245 2.4096 0.41501 0.20750 0.83001
0.80 12.65 2.3715 0.42167 0.33734 0.84335
1.00 13.11 2.2883 0.43701 0.43701 0.87401

2.2.2 Convergence of Solution with Entire-Domain Basis Function
Expansion

Fig. 2-7 shows the convergence of the solution with n ... . It is seen that the magnitude

reflection coefficient IR(Z%%O)| for b/a = 0.8 and b/a = 1.0 converged well for

Mmax = Mamax = /» given that p . = ¢ = I0. For b/a = 0.8, the solution
becomes converged from n, . = 3 to n; . = 9. For higher values of n, .., the solu-
tion diverges. This divergence behavior for larger n, ., is commonly known as the phe-

nomenon of relative convergence (RC) [88]-[90]. As for the case of b/a = /.0, the
domain is from ;.. = 3 to n;,.. = 11, which is a greater domain than the former.

This implies that the increasing aspect ratio provides an improved convergence stability,

given equal Floquet mode numbers.
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Fig. 2-7: Convergence of TE-to-z reflection coefficient due to n, .. , evaluated using the
entlre—domam basis function expansion for different patch aspect ratios b/a. 8, = 0°,
o, = 90°, f= f, = 12.63GHz for b/a =025, f=f,= {2 45GHZ for
b/a = 030, f=f, =1265GHz for b/a = 080, f = f, = 13.11GHz for
b/a = 1.00,and a, = [.0cm.

From Fig. 2-7, the convergence domains for cases b/a = 0.25 and b/a = 0.5 are both
fromn, . = 3 ton;.. = 11, respectively, given that p_,. = q.. = /0. Forbothof

these cases, the RC phenomenon is also present. It is noted that with the assigned modal

truncation parameters, the solution beyond the critical point of the RC phenomenon

diverges rapidly as the aspect ratio b/a decreases.
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On the convergence of Floquet modes, the results are well converged at values of

Pmax = dmax = 10 for all cases of aspect ratio tested, as shown in Fig. 2-8. In this analy-

sis, n;,.. = 7 is fixed for all cases. From the figure, the solutions converged well with

Pmax = 9max = & for all cases, with the exception of b/a = 1.0, in which the result is

well converged for p,,. = 7. The solution for the case b/a = 0.25 improves at

= 9max

the quickest rate prior to convergence, whereas, that for the case of b/a = /.0 improves

the least. This implies that the case of b/a = 7.0 is more stable as compared to the rest.

1.0 1
0.8 -
N
J . b/a = 0.25 0
~ 4 --== b/a =0.25; n, =
g 044 P PR b/a = 0.50; n, o = 3
e —— b/a=0.80;n, na =7
- e -—— b/a=1.00;n, ;.. =7
02 - -
| (n =17,
00 s, =8,=2.0cm; f=1£)
0.0 5.0 10.0 150

pmax = qmax

Fig. 2-8: Convergence of TE-to-z reflection coefficient due to Floquet modes p_,, and
9 max » €valuated using the entire-domain basis function expansion for different patch
aspect ratios b/a. 0, = 0°, ¢, = 90°, f = f, = 12.63GHz for b/a = 0.25,

S =f,=1245GHz for b/a = 0.50, f = f, = 12.65GHz for b/a = 0.80,

f =f, = 13.11GHz for b/a = 1.00,and a, = 1.0cm.
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The n,,,. convergence studies for b/a = 0.25 are shown in Fig. 2-9, where
Pmax = dmax = 10 is held constant. In the figure, the domain for which the solution is

converged, when n,,. = 0, ranges from n, .. = 3 to n; .. = 10, after which the

solution diverges due to the occurrence of the RC phenomenon. In general, the domain of

Nyomax 18 less sensitive to variation in n Zmax -

1.0 - Jp—
0.8 - 4
]
5 0.6 -
S
§ 04— n,.. =0
o max
e D max = 3 !
02 Pamax=0 |
| (p = 10; b/a = 0.25;
00 sI:axsy=§xOcm,f f,)
00 5.0 10.0 15.0
nl max

Fig. 2-9: Convergence of TE-to-z reflection coefficient due to n,,,,,, evaluated usmg
the entire-domain basis function expansion for b/a = 0.25. 6; = 0°, ¢, = 90°,
f =f,=1263GHz,and @, = [.0cm.
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0.25, stable

The convergence of the Floquet modes are presented in Fig. 2-10. For b/a
solutions are obtained with n, . = 7 and n, . = 0,when p_ . =gq,. 2>8. For

larger values of 7,,,,. , the convergence is not stable.
dmax = 10 are fixed. From Fig. 2-11, the

For the next analysis, n; . = 7 and p_ ..
magnitudes of reflection coefficient IR%%O)| for all cases are approximately unity for near

normal (i.e. for 8 < 5.0°) incidences. For other incident angles, results are dependent on

the aspect ratio b/a.
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Fig. 2-10: Convergence of TE-to-z reflection coefficient due to Floquet modes p_.. and
University of Manitoba

, evaluated using the entire-domain basis function expansion for b/a = 0.25.

qmax 0 o
6;,=0,6¢6,=90",f=f,=1263GHz,and a, = [.0cm.
-38.

Chapter 2: Infinite Periodic Patch Array



1.0 1
0.8 -
]
S 061 ‘
< 1 =24~ bla=0.25;n,,, =0
S 04 1} == il b/a = 0.50: o s = 3
== ] - —— b/a=080;n,,,. =7
— --—- b/a=1.00;n, . =7
0.2 1 I{ ; (nl max = 7;
4 pm = qm = 10;
0.0 sx;xsy=23.x0cm;f=g)
0.0 30.0 i 60.0 90.0 120.0

0 (degrees)

Fig. 2-11: TE-to-z reflection coefficient due to incident angle 6,, evaluated using the
entire-domain basis function expansion for different patch aspect ratios b/a. ¢, = 90°,
f =/f, =12.63GHz for b/a = 0.25, f = f, = 1245GHz for b/a = 0.50,

f=f,=12.65GHz for b/a = 0.80, f = f, = 13.11GHz for b/a = 1.00, and

a, = 1.0cm.

To verify the null in Fig. 2-11, the convergence analysis of Fig. 2-12 is plotted for the

patch aspect ratio b/a = 0.8, with a TE-to-z incidence angle 8; = 10.6°. Two cases are
illustrated: The first being n;_ .. = 7. , and the next being n, . = 7, with the fixed
modal parameter being p, .. = qmax = /0. The magnitude reflection coefficient

]R%%O)l is 0.01 and is relatively constant from n, . = 3 through n, . = /0 for both

cases. This small value is consistent with the null at @ = /0.66° for b/a = 0.8 shown in
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Fig. 2-12: Convergence of TE-to-z reflection coefficient due to 7, , , evaluated using
the entire-domain basis function expansion for b/a = 0.80 at reflection coefficient
null. 8, = 10.6°, ¢, = 90°, f = f, = 12.65GHz and a, = 1.0cm.

Fig. 2-11. For larger n,_ .. , the solutions become divergent due to the onset of the RC
phenomenon. Here, the former has the worst divergence of the two. For the Floquet modal
sweep for this case, the solution achieved stability at p, .. = ¢, = 9 for which the

solution IR(zzo%O)l = 0.01 is relatively constant. That is, this relatively small value also

indicates a null occurrence at that incidence angle.
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2.3 EXTENSION TO SUBDOMAIN BASIS FUNCTION EXPANSION

In the numerical modelling of these infinite periodic patch arrays using modal formula-
tions involving the Floquet’s Theorem, the subdomain basis functions can easily be uti-
lized for complex geometries, but may require large number of terms to represent the
current distribution on the patch surface. Entire-domain basis functions, on the other
hand, are more suitable for simple patch geometries, and require smaller number of terms

to converge.

Numerical convergences of the subdomain roof-top basis functions are compared with
those of the entire-domain sinusoidal basis functions in this investigation. Particularly,
current distributions and various reflection properties obtained through these basis func-

tions are studied.

2.3.1 Subdomain Basis Function Expansion

For the subdomain basis function expansion, the unknown current densities JS(P'T) of (2-

10a) and (2-11) are expanded into the modal expression

N
"X

T = Z{C"; Zn; (»T)}+z{c,,.y Z"; (f,)}, (2-16)
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where ﬁ,,_v( (P) and ft,,vv (Py) are subdomain modal basis vectors in the x- and y- direc-
tions, respectively, and, ¢, and ¢, are unknown modal coefficients to be solved, for

¥y

currents in the x- and y- directions, respectively.
The eigenvalue equations for x- and y- components, using the subdomain basis function
expansion, are
() = I
Yo 00 (7)) E{B(‘)U + R0}

n €))]
- 2{ Z{cw SR SN weel

mpq L >mpq

2{ [ Lo D AU TDSUN SN S ]}} @-17a)

mpa le‘fé’J e

and

Y:g,r'l)ao*(*r) Z {BWOU + R(z,}o)lcfnlgo}

n (€D
- Z{C Z{ (eq) S'IIIZG ?E’IPQ(’T)][ fnlp)q ? pq(’r) ]}}

A mpq

mpq
*Z{c Z{ e [ T g (P - B g (P ) 1}} (2-17b)
n, mpg \.>m

respectively, where

'k(’) S
Y‘f,?pq(rr) = [hn, (rr)e’ T Ty, (2-17c)
A'

and
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(D)
/ETPQ . ’r

T pePp) = [Fn (P p)e dry 2-17d)
4

are their corresponding orthogonal mode functions associated with the current density

J, s(#'7) . respectively.

Using the index mapping n'. — (n;,n,, x) and n, = (n.n,y), the modal basis vectors
71,,;(3’7.) and ﬁn;_(fr) become hn[nlx(x, y) X and hnlnzy(x, »)y, respectively. The scalar
functions 4, , .(x,y) and h, , (x,y) are subdomain roof-top basis functions in the x-

and y- directions, respectively [51], and are defined in Appendix A, Section A.3.

In addition, because of the roof-top basis functions, (2-17¢) and (2-17d) are evaluated by
closed-form integrations. The first-order (00-th) Floquet modal reflection coefficient is

easily determined from (2-15).

2.3.2 Comparisons Between Subdomain and Entire-Domain Basis
Functions

A normal incidence (8; = 0°) TE-to-z plane wave at ¢, = 90° is again assumed, where

E is x-polarized, as in Section 2.2. For the conductive patch in free-space, its length is

again fixed as ¢ = /.0cm, with a constant cell size of s, = 5, = 2.0cm, while its width

b is varied.
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To obtain a converged solution using the subdomain basis function expansion for aspect
ratio b/a = 0.8, at frequency f = /3.26GHz, optimal truncations of basis function and

Floquet mode terms are determined. That is, n, . = 3 and n,,,. = 2 for the basis
function terms, and p_ ., = /0 and q.,, = 9 for the Floquet mode terms. This requires

a total of 58 basis function terms, and 399 Floquet mode terms, respectively.

Although the solution has converged, the patch current distribution along the y-axis in
Fig. 2-13(a) appears not smooth due to subdomain segmentations. As the number of seg-

mentations is increased to n, . = 5 and n, . = 4 for the basis function terms, and

Pmax = 14 and g, = 19 for the Floquet mode terms, the distribution appears

smoother, as in Fig. 2-13(b). This involves a total of /78 basis function terms and //3/

Floquet mode terms, respectively, which is a significant increase.

The TE-to-z reflection coefficient magnitude IR%%O)l due to frequency, corresponding to
Fig. 2-4 and Fig. 2-13(a), is illustrated in Fig. 2-14(a). This figure indicates that the reso-
nance frequency for the subdomain basis function expansion is f, = /3.24GHz, agree-

ing well with the periodic spectral Green’s function technique in [56], for the same free-
standing array geometry. That for the entire-domain basis function expansion in the figure
is f, = 12.78GHz. The percentage difference for these frequencies is 1.77%. To

improved this, additional basis functions for representing edge-current effects may be

incorporated into the entire-domain basis function expansion formulation.
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Fig. 2-13: Current distributions of patches in free-space, evaluated using the subdomain
basis function expansion, for aspect ratio b/a = 0.8: (a) n;.« = 3, Ny = 2,
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The patch current distribution for aspect ratio b/a = 0.2, evaluated using the subdomain

basis function expansion at frequency f = [12.85GHz, is depicted in Fig. 2-15. For its

160.0 —

|d.(x,0)|

------ { T (x.0}|; negligible
—— [Ty ]
—— IJ;(O,y) | ; negligible

gl or [l ] (mA/m)

0.0 - ¢ - —— > : . : T : .
1.0 0.0 1.0 2.0
X-or Y-axis (cm)

Fig. 2-15: Current distribution of patches in free-space, evaluated using the subdomain
basis function expansion, for aspect ratio b/a = 0.2. TE-to-z plane wave at 6; = 0°
and ¢; = 90°.

corresponding frequency variations depicted in Fig. 2-14(b), its resonance frequency is

f, = 12.79GHz. That corresponding to Fig. 2-5, shown in Fig. 2-14(b) for the entire-
domain basis function expansion, is f, = /2.74GHz. The percentage difference for

these frequencies is 0.20% .
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In Fig. 2-16, for aspect ratio b/a = 0.8 with the specified truncations shown, the range
(200 . = -

where IRzoo l is well converged runs from n;,,, = 2 to n,, ., =5, and from

Mymax = 1 t0 ny. = 4. For aspectratio b/a = 0.2, the range is smaller, that is, from

Nyoae = 2 ton, . = 4,since the cross-polarized current component .7 v is negligibly

small.

Fig. 2-17 illustrates the convergences of IR%%O)I due to p,, and q,,. , evaluated using

the subdomain basis function expansion, for aspect ratios b/a = 0.8 and b/a = 0.2.
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Fig. 2-16: Convergence of TE-to-z reflection coefficient due to n, .. and n,_ .., evalu-
ated using the subdomain basis function expansion for different patch aspect ratios b/a.
0, =0°,6, =90, f=f,=1279GHz for b/a = 0.2, f = f, = 13.24GHz for
b/a = 0.80,and a, = 1.0cm.
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Fig. 2-17: Convergence of TE-to-z reflection coefficient due to Floquet modes p_, and
9 max » €valuated using the subdomain basis function expansion for different patch aspect
ratios b/a. ©;,=0°, ¢,=90°, f=f,=1279GHz for b/a = 0.2,

f=f, = 13.24GHz for b/a

0.80,and a, = /.0cm.

The computations require smaller ¢, to converge, compared to p,... , for both aspect

ratios.

These convergence results of Fig. 2-16 and Fig. 2-17 verify that IR(Z%%O)I 1s well converged

for the specified n; .0 s 3ax » Prmax 20 g, €mployed in the evaluations of patch cur-

rent distributions of Fig. 2-13.
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. . 200
In general, given a fixed Floquet mode truncations p_ . and q_.., IR(zoo )| decays as
N max €Xceeds a certain critical value. A similar behavior is also observed for n,_ .. . This

is the phenomenon of relative convergence (RC) [88]-[90], which has also been observed
in results of Section 2.2.2.

For IR(ZZO%O)I due to incident angle 0,, as illustrated in Fig. 2-18, both entire-domain and

subdomain basis function expansions utilized disagree at nulls. For the subdomain case,

with f = 13.24GHz, the null occurs at 8, = 7.6°, agreeing well [56]. For the entire-

1.0 1~

Y ---—-- Entire domain sinusoidal .
\ (n =5 maa =4 4
i\ s 10; G = 8) ,
ih =~—=—-~ Subdomain root-top e
:“ (nlmax=3;n2max=2; -~
-l'-“ Poax = 105 Qe =9

a

U

(b/a=0.80;5 =5,=2.0cm;f=4) g

0.5

200

P

!
0.0 .

T T — 1 T T T
0.0 30.0

90.0
(-)i( degrees )

Fig. 2-18: TE-to-z reflection coefficient due to incident angle 0,, evaluated using the
entire-domain and subdomain basis function expansions for patch aspect ratio
b/a = 0.80. ¢; = 90°, f=f , = 12.65GHz for the entire-domain basis function
expansion, f = f = 13.24GHz for the subdomain basis function expansion, and
a, = 1.0cm.
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domain case, with f, = 12.78GHz, the null occurs at 8, = 9.9°. This discrepancy may

be attributed to the same patch being evaluated at two distinct frequencies.

2.4 APPLICATION TO MICROSTRIP PATCH ARRAYS

Fig. 2-19 illustrates the schematics for the infinite periodic array modelling of microstrip

patches. For this application, the Floquet modal reflection coefficient R(3) of (2-10b), for

mpq
both the TM- and TE- to-z cases, is provided as [91][92]
—j2rsd)
RG) =_¢g /" ra. o2 (2-18)

mpq

To solve (2-10a) for this case, the unknown current density -7s("r) is expanded into

modal basis vectors and unknown modal coefficients, using the subdomain basis function

expansion.

Thin conducting
8, =89, patch element of
Uniform incident plane arbitrary shape
wave (consisting of only of area A
a propagating first-order )
Floquet mode) Region 1
z2=0 =
Y Kegion? 77
Ground plane\x

Fig. 2-19: Cross section of an infinite periodic array of microstrip patches.All media,
except for the patch elements, are isotropic, homogeneous dielectric materials with
zero-conductivity.
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For evaluating more complex patch geometries, a subsectional patch segmentation
scheme [93] is implemented into the computer code ARCOF, along with the subdomain
roof-top basis function formulations. The Galerkin’s Method of Moment [87] is utilized
for the numerical evaluation of unknown modal coefficients, from which the first-order
(00 -th) Floquet modal, or specular, reflection coefficient is computed. This approach
would be utilized for the reflection coefficient phase analysis of microstrip reflectarrays in

subsequent chapters.

2.5 CONCLUSION

In this analysis, numerous reflection properties of an infinite periodic array of rectangular
patches in free space is investigated using the Floquet modal analysis technique, formu-
lated with entire-domain and subdomain basis function expansions. Furthermore, an

extension of this technique to microstrip patch arrays is presented.

Effects of varying patch aspect ratio and element separation are also studied. These
include convergence behaviors of basis functions and Floquet modes. The phenomenon of
relative convergence (RC) is observed when the number of basis function employed

exceeds a certain critical value, at a given Floquet mode truncation.

In general, the patch current distribution is more sensitive to modal truncations, whereas,
the reflection coefficient magnitude is less sensitive to such truncations. The patch current

distribution also is more sensitive to basis function truncations, than to Floquet mode trun-
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cations. The sensitivity is generally higher for cross polarization (y-directed current) com-

putation than for the co-polarization (x-directed current).
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3 Single-Layer Analysis

The analysis of scattering from an infinite periodic array of microstrip patches is
employed to study line-source-fed single-layer microstrip reflectarrays [84][85]. Utilizing
rectangular patch geometries in the modelling, the reflection phase properties of the
reflectarray are rigorously examined. Important parameters, such as, patch length, and
substrate permittivity and thickness, are investigated. Included in the study are the effects
of unattainable reflection phase on phase correction errors and radiation characteristics.
Multiple patch geometries, implemented in the patch array for enhanced performance, are

also examined.

In general, a thick substrate has potential for improving both bandwidth and far-field radi-

ation characteristics of the reflectarray. These two issues are investigated in this chapter

through numerical modelling, using two different substrates, namely, a thin €, = 2.5 sub-

strate and a thick foam (€, = /.03) substrate. This includes a study of the effects of unat-

tainable reflection phase, which produces phase correction errors, on the directivities,
side-lobe levels (SLL) and bandwidths. A combination of multiple patch geometries,

implemented into the patch array for enhanced performance, is also explored.
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For the microstrip reflectarray, a line-source-fed configuration is selected. Although a
line-source-fed configuration has been used for a quasi-periodic echelette reflector
antenna [35], a line-source-fed configuration for a microstrip reflectarray is new, and it
possesses a unique property. That is, phase corrections are necessary only in one plane,
and as such, the influence of the substrate and patch parameters on the far-field radiation

characteristics can be investigated accurately.

3.1 MODELLING CONJECTURE

In a conventional reflectarray fed by a point source and having an adequately large “focal”
length F, the incident wave from the feed approximates a uniform plane wave. Thus, as a
first approximation, the analysis for scattering from an infinite periodic array of single-
layer microstrip patches may be employed as a modelling tool [7]. An analysis similar to
those in [2][91], discussed in detailed in Chapter 2, may be used to determine the scat-

tered field due to the array of microstrip patches. In this method, it is assumed that a plane

wave is incident upon a uniform array of microstrip patches at an angle 8, =6, where

0, is the plane wave incident angle, and 6,,,, is the subtended angle from the feed to the

n

(m, n) -th patch in the array.

3.1.1 Line-Source-Fed Design

In a reflectarray fed by a line-source, the situation is somewhat different. There is no field

variation along an ideal line-source, as its length is infinite. However, in a practical
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design, the line-source length is finite and the field uniformity is maintained at short dis-
tances, where the field collimation has not commenced. Also, a line-source radiates a
cylindrical wave. The reflectarray must therefore be placed in the near-field (Fresnel) zone
of the line-source. That is, referring to Fig. 3-1 and Fig. 3-2, no variation in amplitude and

phase occurs along the x-axis, which is the line-source axis. Variations occur only in the

VRV TR L & AR oY e

(m,n)-th microstrip
patch element

Dipole
element
(as line-
source)

Fig. 3-1: Front view schematics of a line-source-fed microstrip reflectarray with an x-
polarized E field from the line-source. The patch array is consist of single-layer rectangu-
lar microstrip patches, and 8, = ©; for the infinite periodic array simulations.
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transverse direction, which is the yz-plane, and are governed by the asymptotic form of
the cylindrical Hankel function of zero order. The phase variation is that of a two-dimen-
stonal plane wave, depending on the y and z variables. Furthermore, the amplitude decay

is slow, as the square-root of the distance from the line-source.

Region 2:
Dielectric VY
substrate

'
|
i

Patch element

Ground plane

1} Region 1: Free space
i
1

N

v

L)

|
™
I
~
I
<

Fig. 3-2: Cross-section schematic of a line-source-fed single-layer microstrip reflectarray
with an x-polarized E field from the line-source. 8, = @, for the infinite periodic array
simulations.
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3.1.2 Phase Formulation

For a given beam direction, the line-source-fed microstrip reflectarray has a constant

phase ‘¥ at a projected aperture plane in front of it, which is stated as
VY. =y, +yp+B, =2rR+B,; R=0,+/,+2 .. (3-19)

where, with reference to Fig. 3-1 and Fig. 3-2, y; is the phase delay due to the extension
of the path length L, , from the feed position z = z '+ on the z-axis to the n -th patch on an
array column, . is the reflection coefficient phase of the pertaining n -th patch, and 8,

is the progressive element phase difference along the y-direction, as required for the array

to reflect an off-broadside beam. That is, for a broadside beam, B, = 0.

3.1.3 Field Formulation

With the feed blockage neglected, and assuming that the aperture phase error is negligibly

small, a scalar rectangular component (either x-, y- or z- component) of the far-field £ at

an observation point P(r, 6, ¢) for the reflectarray is derived from the aperture field for-

mulations of [94] as

ik,
R

—jk
E™ (,8,0)=7=2¢ " (I+cos8)s,s,Esgr comp(®, 9, (3-20)

comp Inr

where
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n, comp ““mn, comp

/W nn(8, )+ B,]
Eq) comp(®0) = T YR EM ¢ (3-21)
m n

for an M x N -element patch array, assuming an adequately large array size. M and N are
the number of elements in each column and row in the array, respectively, with the (m, n)

indices representing the (m, n) -th patch on the array. R, ... is the reflection coefficient,
corresponding to the E field component, of the n -th patch along each column, which is

approximated through the infinite periodic array modelling similar to [2][91]. g(f®)

mn, comp
the corresponding scalar component of the E field feed illumination of the (m, n)-th

patch, vy, (8, ¢) is the phase of the planar array factor for the patch array to reflect a
broadside beam, 3, is as defined in (3-19), &, is the free-space propagation constant, and,

s, and s, are the array element spacings in the x- and y- directions, respectively. Relating

(3-19) to (3-20) and (3-21), -y; and y, of (3-19) are the phases of Ef”fd) and

n, comp
R, comp * respectively.
The far-field radiation patterns of the reflectarray are obtained through a rectangular-to-

spherical coordinate transformation of (3-20), as

E® cosOcos® cosOsin® —sin@ p

e | = ¢ E™@], (3-22)
E(ra) -Sin® cosP 0 ¥

o E(ra)
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where £( and Eg") are spherical components of the reflectarray far-field, while £,

Ega) and £ are rectangular components evaluated from (3-20). The directive gain, D,,

and the HPBW, are then easily computed from (3-22).

3.1.4 Patch Array Symmetry

For a center-fed reflectarray configuration, computations are necessary only for a quarter
section of the M x N -element patch array due to symmetry. This enhances computation

speed and efficiency.

So, with reference to (3-21),

V(8 0 +B1  jWn(8.0) j¥,(8.0) /B,
e =% & (3-23)

where v, (0, ¢) and y,(0, ¢) are phases of the planar array factor in the x- and y- direc-

tions, respectively, for a broadside beam. Then, (3-21) is simplified to
Eitt,comp (8, 0) = B3 Lony S S (3-24)
m n

where

v.(6,
eN,.( ®) . for n=0 (3-24a)

2cos[y,(6,9)] ; for n=1,2,3,...
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and
Ly = REDE™ ; formn=01,2,.... (3-24b)

These formulations are implemented into the computer code for reflectarray far-field radi-

ation analysis.

3.2 REFLECTION PHASE PROPERTIES

For the purpose of this study, the line-source is assumed to possess adequate frequency
band, so that the bandwidth characteristics of the reflectarray is not affected by its feed.
However, its size, being constant, influences its radiation patterns, and thus, the spillover

losses of the reflectarray.

The feed is a 24-element co-linear array of uniformly excited, x-polarized, half-wave-

length dipoles, which are placed a quarter-wavelength from a finite ground plane. The ele-
ment separation of this co-linear array is d, = 2./6cm (i.e. d, = 0.848) at frequency
f = 11.761GHz). The feed is centered at location (x, y, z) = (0, 0, 15)cm, parallel to

the x-axis illustrated in Fig. 3-1 and Fig. 3-2. Here, z = z = 15cm is assumed to be the

“focal” length F of the reflectarray. For the sake of simplicity, however, no feed blockage

is included in the analysis.
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The patch array is symmetrically centered at the origin on the xy-plane shown in Fig. 3-1.
It consists of a 4/ x 3/ -element array of single-layer rectangular microstrip patches. The

patch widths and element separations are fixed as » = 0.75cm and s, = s, = /.25cm,

respectively, while the patch lengths, a, within a column are individually varied to

achieve a collimated beam at broadside. Because of the line-source feed, all 4/ columns

are identical.

Therefore, with reflectarray dimension in the y-direction D = 40.0cm, the reflectarray

F/D ratiois 0.375.

3.2.1 General Simulation Parameters

In determining the phase delay y;, a uniform TE-to-z two-dimensional incident plane

wave is assumed. An incident angle 6; = 0, is also assumed, where 6; and 6, are sche-

n

matically defined in Fig. 3-1 and Fig. 3-2. For the reflection coefficient computations, the

reflection reference plane is chosen as z = z, = 0.5A,,, where A, is the free space wave-

length.

Two arrays are designed using single-layer rectangular microstrip patches on two different

substrates, namely, a thin €, = 2.5 substrate with a thickness of z;, = 0.0798cm, and a
thick foam substrate (¢, = 1.03) with a thickness of z, = 0.5cm. Appropriate patch

lengths are selected for a given incident angle 6, = 6,, such that a constant phase ¥, is
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achieved, satisfying (3-19), with B, = 0 for a broadside beam. This requires that the
patch length a be deviated from its resonant length a,, so that a corresponding phase
WY, is achieved [7]. The resulting corrected patch length is a,. The length deviation
from the resonant length, designated as 8 = a —a,_, is employed as a normalized resonant

patch length deviation /4, .

In an infinite periodic array, the resonant patch length at center frequency

fo = 11.761GHz for the thin substrate (g, = 2.5 and z, = 0.0798cm) is

a, = 0.75cm. For the thick substrate (¢, = /.03 and z, = 0.5cm), itis a, = /.08cm.

7]

The array dimensional parameters for these substrates are summarized in Table 3-1.

Table 3-1: Infinite periodic array dimensional parameters for two selected substrates, with
f, = 11.76IGHz, A, = 2.5508cm and A, = A, /,[€, .

Substrate case Za (cm) za/ }"d a, (cm) ao/ )’d Sy (cm) s _.;/ ld
g =25

O\, = L6133cm) 0.0798 | 0.0495 | 0.75 | 04649 | 125 | 0.7748
g, = 1.03

(A, = 2.5134cm) 0.5000 | 0.1989 1.08 0.4297 1.25 0.4973
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3.2.2 Reflection Phase Curves

For both thin and thick substrates, through the infinite periodic array analysis, Fig. 3-3
indicates that their TE-to-z reflection coefficient phases ¥, increase with increasing inci-
dent angle 6;. From Fig. 3-3(a), y for the thin substrate varies rapidly in the vicinity of

its resonant length a, . This is even more rapid when the incident angle is larger. Conse-

quently, the bandwidth for this case is relatively narrow as compared to that for the case of

the thick substrate, depicted in Fig. 3-3(b). For the latter case, the patch length can be

increased only slightly from its resonant length a, = 1.08cm, as it is close to the unit

cell size s, = 1.25cm.

In designing a microstrip reflectarray, the normalized resonant patch length deviation
8/a, may be obtained directly from Fig. 3-3, from which the required patch length a,

can be determined.

3.2.3 Unattainable Reflection Phase Range

The reflection phase curves of Fig. 3-3(a), for the thin substrate, span almost the entire

360° phase range. On the contrary, at small incident angles 6, the phase curves of Fig. 3-

3(b), for the thick substrate, cover only approximately one half of the entire phase range.

As such, the rest of the phase range remains unattainable at these small angles.
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Fig. 3-3: TE-to-z reflection phase curves due to patch length and incident angle, for rect-
angular microstrip patch at f = 11.76/GHz: (a) €, = 2.5, z, = 0.0798cm and
a, = 0.75cm, and (b) &, = 1.03, z, = 0.5cm and a, = 1.08cm. b = 0.75cm for
both cases.
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The physical sizes of the microstrip patches, for the purpose of this study, are limited to

the dimensions 0.3cm < a < /.2cm, for both thin and thick substrates. By selecting 8/a,

values at both ends of the curves in Fig. 3-3(a), i.e. at a = 0.3cm and a = /.2cm, the
phase curves are replotted as a function of incident angle 6,, defining the unattainable

reflection phase range in Fig. 3-4(a). Similarly, the curves in Fig. 3-3(b) are used to obtain
those in Fig. 3-4(b), which define a large unattainable reflection phase range. These unat-

tainable reflection phase ranges are only asymptotic values based on the smallest and larg-

est patch lengths utilized. Fig. 3-3 and Fig. 3-4 also indicate that y, for very small 6/a,

generally lags that for which 8/a,, is very large.

For simplicity, the size of the unattainable reflection phase range, also known as the

reflection phase gap, is denoted by Ay, . Fig. 3-5 compares the reflection phase gaps for a

number of substrate cases. Also for comparisons, the reflection phase gap is approximated

[7] using the path length expression 2I‘(I)za , which represents the electrical path length

due to substrate thickness, where ) = k,cos®;, and k, is the propagation constant in

free space.

Fig. 3-5 demonstrates, that, Ay, is generally larger for a thick substrate with low permit-

tivity. Moreover, the patch size for each of these thick substrates is practically restricted
by the available space within the unit cell of the array, thus, limiting its attainable reflec-

tion phase range.
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Fig. 3-4: Unattainable phase ranges due to incident angle, for rectangular microstrip
patches at f = 11.76/GHz, and their corresponding phase diagrams: (a) €, = 2.5,
z, = 0.0798cm and a, = 0.75cm, and (b) € = /.03, z, = 0.5cm and
a, = 1.08cm. b = 0.75cm for both cases.
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Fig. 3-5: Comparisons of the reflection phase gaps for various substrates at
f = 11.761GHz, for rectangular microstrip patch: (a) between two different substrate
permittivities, and (b) between two different substrate thicknesses. The last two curves
are evaluated from an empirical approximation [7].
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From these results, the reflection coefficient phase appears less sensitive to patch length at
normal incidence, thus, resulting in the widest bandwidth. Unfortunately, this also appears
to result in the largest reflection phase gap. Nonetheless, the reflection phase gap can be
decreased by reducing substrate thickness, and increasing substrate permittivity. Conse-

quently, its bandwidth is also decreased.

It should be noted, that. with the exception of the € = 2.5 substrate, where
z, = 0.0798cm, the reflection phase curves for all the cases shown in Fig. 3-5 are shifted

towards either side of the 6/a, = 0 value, similar to that in Fig. 3-3(b). These “asym-

metric” reflection phase curves generally produce large reflection phase gaps, resembling

those in Fig. 3-5.

3.3 EFFECTS OF PHASE CORRECTION ERRORS

The problem of phase errors is a primary concern in the design of a microstrip reflectar-
ray. Large phase errors would significantly degrade the performance of the reflectarray. In
general, these phase errors emerge as a result of several factors, namely, (i) the existence
of unattainable reflection phase range [7], (ii) frequency scanning within the required

band, and (iii) finite sizes of microstrip patches, which introduce phase quantization errors

that increase with increasing subtended angle 6, [83].
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Fig. 3-6: Phase delays y; and achieved phases y,,, evaluated at /' = 1/.76/GHz, at
respective patch locations in a column, for rectangular microstrip patches: (a) for thin
substrate, with €, = 2.5 and z, = 0.0798cm, and (b) for thick substrate, with
€, = 1.03 and z, = 0.5cm. b = 0.75cm for all cases.
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3.3.1 Phase Correction Errors

Fig. 3-6 (a) and (b) compares the required reflectarray phase correction y, = \;, where

y; is as previously defined for (3-19), with the achieved phase vy, , for the thin and thick

substrates of Fig. 3-4. The phase correction errors and patch lengths, at some selected

locations for both substrates, are listed in Table 3-2. In this table, the corrected patch

length a,, is obtainable from Fig. 3-7, i.e. through a,, = a,(/ +§,/a,).

Table 3-2: A sample of corrected patch lengths (for rectangular patches only), a,, and
their corresponding phases, yg,, achieved at their respective patch locations within a
column. y, is the required phase correction, |AWg,| = |Wg,—W¥,| is the phase
correction errorand f = [1.76/GHz.

g, = 2.5 with e, = 1.03 with
n-thpatch | y, = y; z, = 0.0798cm z, = 0.5000cm
(en = e,)
YR a, |Aan| Yrn a, IAWRnI
(cm) (cm)
0
(0.00°) 0.00° -0.01° | 07500 gp1° | -017° | 10830 | 017°
+/
(4.76%) 7.34° 7.97° | 0.7480 | 0.63° 7.04° | 1.0470 | 0.30°
+2
(9.46%) 29.22° 28.67° | 0.7430 | 0.55° 28.93° | 0.9540 | ¢.29°
*6
(26.57°) ~109.95° | —109.80° | 0.8810 | ¢.75° | —151.83° | 0.3000 | 4} 88°
+7
(30.26%) —2591° | =31.21° | 07710 | s530° | -1.11° | 1.1920 | 24.80°
+10 A
(39.81°) -80.84° | —78.96° | 1.0000 | ;88° | —106.04° | 0.3000 | 25.20°
+13 ) 0 .
(47.29°) —75.18 -82.91 0.6600 | 773° 17.88 1.1920 | 93.06°
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The phase correction errors for the thick substrate, shown in both Fig. 3-6(b) and Table 3-
2, are particularly large at subtended angles 8, = 26.57°, 30.26°, 39.81° and 47.29°. At
each of these discrete patch locations, y, = vy, falls within the unattainable reflection

phase range of Fig. 3-4(b).

For the thin substrate in Fig. 3-6(a), however, none of the y, = y, values at the same

discrete locations lies within its corresponding unattainable reflection phase range shown

in Fig. 3-4(a). Thus, the phases achieved through the corrected patch lengths a, are rela-

tively accurate, and phase correction errors are negligible. Also, for this case, the patch

array consists of mostly near-resonant patches.

0.8 1

-0 €,=2.50; z,=0.0798cm; a, = 0.75cm
—%— €,= 1.03; z, =0.5000cm; a, = 1.08cm
04 1
IQ\
< * Q“é " X
~ W FRoeeg P06 Re/ Qo
m: \' ":‘ x,_s " \ II \‘\
‘X\'\x I!' ‘.‘.' ; x X
04 1 X
~‘X\ ,’I ."‘\., /
X
-0.8 Tt 'x —T 1
0.0 4.0 8.0 12.0 16.0
n-th patch

Fig. 3-7: Normalized resonant patch length deviations §,/a, for both thin and thick sub-
strates, evaluated at f = 11.761GHz, at respective patch locations in a column, for rect-
angular microstrip patches. » = 0.75cm for all cases.
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3.3.2 Far-field Radiation Characteristics

For simplicity, the line-source is assumed to have larger bandwidths than the patch array
of the reflectarray. Radiation characteristics of the reflectarray are then investigated inde-
pendently. For a 4/ x 3/ -element patch array, the ideal directivity without phase correc-
tion error, and the spillover loss, are shown in Table 3-3. The spillover loss in the table is
computed, in percentage, as the total power radiated from feed, less the total power radi-
ated by the ideal patch array for no phase correction error. As expected, the directivity

increases, and the spillover loss decreases, with increasing frequency.

Table 3-3: Patch array dimensions for 4/ x 3/ elements, ideal directivities without phase
correction errors, and reflectarray spillover losses, over a 10.2% frequency bandwidth for
a constant feed size.

Frequency, f (GHz)
11.161 11.561 11.761 11.961 12.361

Patch array dimen-
sion along the x- 19.067 19.750 20.092 20.433 21.117
direction, 475
(2)

Patch array dimen-

sion along the y- 14.933 14.675 15.191 15.450 15.708

direction, 3/s )
)

Ideal D,
(dBi) 34.76 35.12 35.28 35.43 3572

Spillover loss
(percent) 12.58 10.99 10.41 9.83 9.02
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Based on these assumptions, the reflectarray far-field patterns are computed using (3-20)-

(3-24) and illustrated in Fig. 3-8. The thick substrate produces relatively stable H-

plane(¢ = 90°) directive gains D, overa 3.4% frequency bandwidth, as compared to
the thin substrate. However, for very narrowband applications (for bandwidths of less than

3.4%), the thin substrate provides a better radiation performance, due to its minimal

phase correction errors.

Table 3-4 summarizes the radiation properties of these reflectarrays, while Fig. 3-9 graph-

ically shows their directivities D, over a selected 10.2% frequency bandwidth. These

designs also produce negligibly low cross-polarization levels in both E- and H- planes

(¢ = 0° and ¢ = 90°, respectively), i.e. more than 45 dB down.

Large phase correction errors in the thick substrate reflectarray, shown in both Fig. 3-6(b)

and Table 3-2, contribute to its degradation in directivity and side-lobe levels (SLL) in the

H-plane (¢ = 90°), at center frequency f , = 11.761GHz, as observed in both Fig. 3-

8(b) and Table 3-4. These high SLL, attributed to the large phase correction errors, are in

accordance with [95].

For the thin substrate, however, as the frequency scans away from the center frequency

S, the phase correction errors increase rapidly. Hence, as illustrated in Fig. 3-8(a), both

directivity and SLL in the H-plane (¢ = 90°) for this case are degraded significantly over
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Fig. 3-8: Reflectarray directive gain patterns D_ in the H-plane (¢ = 90°), evaluated
over a 3.4% frequency bandwidth, for the 47 x 51 -element rectangular microstrip patch
arrays: (a) thin substrate, with ¢, = 2.5, z, = 0.0798cm and a, = 0.75cm, and (b)
thick substrate, with e, = 1.03, z, = 0.5cm and a, = 1.08cm. b = 0.75cm for both
cases.
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Table 3-4: Reflectarray H-plane (¢ = 90°) radiation properties over a 10.2% frequency
bandwidth for the thin and thick substrates. Patch arrays are consist of 4/ x 3/ elements,
and the ideal patch array for no phase correction error is evaluated at f = //.76/GHz.

Substrate Radiation Ideal Frequency, f (GHz)
case properties | patch
array | /1.161 | 11.561 | 11.761 | 11.961 | 12.361
D,(dBi) | 3528 | 2849 | 3365 | 3502 | 34.78 | 3131
g, = 2.5, HPBW
i (6 =90°) | 355° | 692° | 399° | 361° | 3.54° | 4.11°
“a
Max. SLL
= 0.0798cm | o' 9g°) | 1616 | —5.13 | ~13.76 | 1480 | —16.46 | —7.93
(rectangular (dB)
patches Loss in
only) directivity | 0.0 6.27 146 | 026 | 0.65 4.41
(dB)
D,(dBi) | 3528 | 31.84 | 3339 | 3392 | 3426 | 34.37
8!' = 1‘03’ HPBW o o (] o o ]
) (6 = 90°) | 3.55 5.11 4.09° | 386° | 3.72 3.64
. Max. SLL
= 0.3000cm | o _ 9p°y | ~16.16 | —16.38 | —18.26 | —18.89 | ~18.96 | —16.71
(rectangular (dB)
patches Loss in
only) directivity | 0.0 291 1.72 136 | 1.17 1.35
(dB)
e, =103, | D,(dBi) | 3528 | 32.87 | 34.36 | 3486 | 3517 | 3520
za I{PBW o [/} o /]
— 0.5000cm | (& = 90°) | 355" | 436" | 3777 | 361° | 3.50° | 3.45
bi Max. SLL
(combina- (6 = 90°) | —16.16 | —13.62| —15.75 | —16.29 | ~16.65 | —14.48
tion of rect-
(dB)
angular and —
hat- 0ss in
;atfg‘;'d directivity | 0.0 | 1.88 | 075 | 042 | 026 | o052
(dB)
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Fig. 3-9: Reflectarray directivities D, over a /0.2% frequency bandwidth, for the
41 x 31 -element rectangular microstrip patch arrays on thin and thick substrates.
€, = 2.5 and z, = 0.0798cm for thin substrate, €, = /.03 and z, = 0.5cm for thick
substrate, whereas the ideal patch array has no phase correction error.

the 3.4% frequency bandwidth. On the other hand, for the thick substrate, due to its wide-

band properties, both directivity and SLL in the H-plane (¢ = 90°) remain relatively sta-
ble throughout the bandwidth, as evident in Fig. 3-8(b). These radiation characteristics are

illustrated in Fig. 3-9 for the directivity.
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3.3.3 Multiple Patch Geometries for Enhanced Performance

Fig. 3-10 shows the average current distributions (in full color) of both single-element
rectangular and single-element hat-shaped microstrip patches, as simulated using a com-

mercially available Method of Moment (MoM) software, the Zeland IE3D version 6.0

[96]. Since E is x-directed, these are also approximately the x-directed current distribu-

tions. The rectangular patch is resonant at frequency f = //.76/GHz . For the new hat-
shaped patch, there is a slight difference in current intensities between the top and bottom
edges. This creates the wideband characteristics similar to the concept of producing two
near equal-magnitude resonant modes at adjacent frequencies, as investigated in [97]-

[99].

To include the analysis of stub attachments at the edge of rectangular patches using the
infinite periodic array analysis presented in Chapter 2, an additional subsectional patch
segmentation scheme [93] is implemented into the computer code, in conjunction with
roof-top basis functions already utilized. This is particularly essential for analyzing the

reflection phase properties of the hat-shaped patch for the reflectarray.

Fig. 3-11(a) compares the TE-to-z reflection coefficient phase behaviors of different infi-

nite array microstrip patch geometries on the thick substrate (g, = 1.03 and
z, = 0.5cm) at normal incidence. Of all the geometrical dimensions shown in the figure,

only patch length a is varied. This produces a reflection phase curve for the hat-shaped
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Fig. 3-10: Average current distributions of single-element microstrip patches for a normal
incidence TE-to-z plane wave: (a) resonant rectangular patch, witha = b = 0.75cm,
and (b) hat-shaped patch, with a = 0.75cm, b = 0.54cm, /. = 0.05cm and

w, = 0.11cm. The E field is x-directed, with f = 11.76/GHz, €, = 2.5 and
z, = 0.0798cm.
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Fig. 3-11: Effects of different microstrip patch geometries for thick substrate,
and z, = 0.5cm, evaluated at f = [1.761GHz: (a) TE-to-z reflection phase curves due
to patch length a, at normal incidence (6 i

for rectangular and combination patch arrays. The combination array consists of rectan-

gular and hat-shaped patches mentioned in Table 3-5
University of Manitoba

-80-

Chapter 3: Single-Layer Analysis



patch that encompasses part of the unattainable phase range of the rectangular and strip

patches.

In a single-layer microstrip reflectarray, a hat-shaped patch can thus substitute a rectangu-

lar patch at a location where the required phase correction y,, coincides with its unattain-

able phase range, as mentioned in [85], resulting in a combination patch array. For these
locations, the infinite periodic arrays utilized in the modelling comprise entirely of hat-
shaped patches. Results thus obtained does not properly account for mutual coupling
between patches of different geometrical shapes in the combination array. Nevertheless,
they are generally accurate for the majority of array elements which are rectangular

patches.
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y + Hat-shaped patch
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Fig. 3-12: Relative locations of rectangular and hat-shaped microstrip patches in the first
quadrant of the combination array.
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Fig. 3-12 depicts the relative locations of different patch geometries in the first quadrant

of the combination array. Comparisons for the best achieved phases y, between rectan-

gular and hat-shaped patches, and their corresponding corrected patch lengths a, , are pre-

sented in Table 3-5.

Table 3-5: Comparisons for the best achieved phases yp, between rectangular and hat-
shaped patches at the unattainable phase range locations. y, is the required phase
correction, a,, is the corrected patch length, |[Ay,,| = |[Wg,—W,| is the phase correction
errorand f = /1.76/GHz.

€, = 1.03 with z, = 0.5000cm
_ Rectangular patches, Hat-shaped patches,
i thpach | W, = Vi b = 0.75cm b=0.32cm, w,=0.1lcm
(8, = 9,) and /. =0.05cm
Yen a, IA\I’RnI YRrn a, fAWRnI
(cm) (cm)
6 ~-53.84°
0 —109.95° | —151.83° | 0.3000 | 41.88° (Not 1.1924 | 56.11°
(26.577) (Utilized) utilized)
+7 -1.11°
v -25.91° (Not 1.1920 | 24.80° | -25.80° | 0.8348 | 0.11°
(30.267) utilized) (Utilized)
+10 -25.10°
o —-80.84° | —106.04° | 0.3000 | 25.20° (Not 1.1924 | 55.74°
(39.817) (Utilized) utilized)
+/3 17.88°
o —-75.18° (Not 1.1920 | 93.06° | —11.83° | 1.1924 | 63.35°
(47.297) utilized) (Utilized)

That is, the +7th and +/3th rectangular patches, listed in Table 3-5, are replaced by hat-

shaped patches, which produce more accurate phase corrections. The corrected patch

lengths a, are already graphically depicted in Fig. 3-11(b). The strip geometry, however,
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Fig. 3-13: Radiation characteristics of the 4/ x 3/ -element rectangular and combination
microstrip patch arrays on thick substrates, €, = /.03 and z, = 0.5cm: (a) reflectarray
directive gain patterns D_ in the H-plane (¢ = 90") at center frequency
f, = 11.761GHz, and (b) retfectarray directivities D, over a /0.2% frequency band-
width. Patch dimensions are as shown in Table 3-5, and the ideal patch array has no

phase correction error.
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is not implemented, since it does not provide adequate phase correction, as compared to

the hat-shaped geometry.

Reflectarray far-field patterns for both rectangular and combination patch arrays are illus-
trated in Fig. 3-13(a). The combination array shows improved SLL at large angles away

from the main-lobe at the expense of initial SLL, which are slightly higher. These are also
shown in Table 3-4, which also indicates an approximately /dB improvement in directiv-

ities over the selected /0.2% frequency bandwidth. Fig. 3-13(b) illustrates these
improved directivities over the bandwidth. Such results demonstrate closer similarities of

the combination patch array to the ideal case for no phase correction error.

3.4 CONCLUSION

Reflection phase properties of single-layer microstrip reflectarrays are rigorously ana-
lyzed through the study of reflection phase curves obtained from the infinite periodic
array analysis. The reflection phase dependence on substrate parameters and patch dimen-

sions for the rectangular microstrip patches are also discussed in detail.

Phase correction errors, due to large unattainable reflection phase ranges, contribute to the
degradation of directivity and SLL of the reflectarray. To remedy this, alternative patch
geometries, such as the hat-shaped patches, are used to generate the required phase cor-
rections in the unattainable reflection phase ranges. The resulting geometry, thus,

becomes a combination of multiple patch geometries in the array. Although the infinite
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periodic array modelling does not accurately account for mutual coupling between
patches of different geometrical shapes, it is generally accurate for the combination array,

since it consists mostly of rectangular patches.

Also, this study demonstrates how each selected substrate can generate the required phase

corrections over a selected frequency band, such that a good radiation performance is

achieved. In general, the reflectarray H-plane (¢ = 90°) far-field radiation characteristics
are more significantly affected by the reflection phase properties of its patch array. There-

fore, careful array parameter selection is necessary for its superior performance.

The reflectarray with the thick substrate, considered here, causes poorer phase corrections
due to its larger unattainable phase range, as compared to the thin substrate. However, the
former exhibits more stable radiation characteristics over a wide bandwidth, as compared

to the latter, which performs relatively well for very narrowband applications.
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4 Some Essential Design Concepts

This chapter provides a further analysis of line-source-fed single-layer microstrip reflec-

tarray discussed in Chapter 3. These include:

(1) novel formulations for simplications of the reflectarray modelling [86],

(ii) design restrictions by phase quantization errors [83], substrate thickness and
permittivity [82],

(iii) properties of variable-stub-length patch arrays [81], and

(iv) line-source distribution schemes for improved reflectarray far-field radiation

characteristics [84].

4.1 EMPIRICAL FORMULATION OF REFLECTION COEFFICIENT
PHASE

In the design of a microstrip reflectarray, the analysis for scattering from an infinite peri-
odic array of microstrip patches is often utilized for determining the reflection coefficient
phase angles [7]. The variation of this phase, due to variation in the patch size, is then
used to compensate for the phase change in the incident wave, which is attributed to the
change in its incident angle at discrete locations on the patch array. This phase correction
results in a scattered field with a uniform phase front over the aperture of the reflectarray.

A collimated beam is thus created.
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In turn, a table of phase variation data, with respect to incident angles and patch sizes, is
generally employed to determine the required patch size for proper phase correction.
Since the problem must be solved individually for each patch, this can be costly for large
reflectarrays. However, for symmetric reflectarrays, the geometrical symmetry for one
quadrant of the array can be used to reduce computation. In fact, line-source feeds can
simplify the problem to one dimension [84], i.e. for a column of the array. But for large

arrays, the computation cost can still be significant.

This section proposes an empirical formulation for approximating the TE-to-z reflection
coefficient phase with incident angle, for an infinite periodic array of single-layer rectan-
gular microstrip patches. To verify the accuracy of this formulation, results are compared
with those computed through the full wave analysis. Particularly, these results demon-
strate the feasibility of implementing this formulation into the infinite array modelling of
a line-source-fed reflectarray, which consists of single-layer rectangular microstrip
patches, to avoid extensive CPU time. Furthermore, due to the simplicity of the empirical

formulation, the reflection coefficient phase values can also be computed manually.

4.1.1 Novel Empirical Formulation

The geometry of an infinite periodic array of single-layer rectangular microstrip patches,

illuminated by a TE-to-z plane wave, is illustrated in Fig. 4-1. For a given set of rectangu-
lar patch and cell dimensions, and constant azimuth angle ¢, the empirical expression for

approximating the TE-to-z refiection coefficient phase for this structure is given as
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0.
WR(ei)=KtanP[3']+wR(0°); 0<0,<mn/2, -R<yYRp(0°)<m “-1)

where Y, is the TE-to-z reflection coefficient phase, K is a gradient coefficient, P is a
power factor, and 0; is the plane wave incident angle. The constants X and P can be
determined from the knowledge of y, for three incident angles, as

"Wr(6; ) — Wg(0°)"

I/
2| Wr(8,) — w0 |
P=— = @2)

log|t %, /tan %
ogjlan -2— 7

&
Uniform incident  z A -—l
plane wave ]
b g ; sy,
e[ g
f— Periodic cell % *

Ground plan:X

Fig. 4-1: An infinite periodic array of single-layer rectangular microstrip patches.
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and

_ WR(8;)—wg(0°)  Wg(6;)—yR(0%)
- 8, - 6.\
1z =

where 0<0; <8; <mn/2.The parameters Yx(0°), Wx(8;) and yg(0; ) in (4-2) and

4-3)

(4-3) can be computed from the full wave analysis of the infinite periodic array.

4.1.2 Verification of Empirical Formulation with Full Wave Analysis

In principle, the two constants K and P of (4-1) can be determined using two incidence
angles, in addition to Y ,4(0°), as given in (4-2) and (4-3). However, (4-1) being an empir-

ical equation, influences the accuracy of the results through 9,-1 and 6; , which are the

two incident angles selected for determining K and P. To investigate the dependence and

sensitivity of the results on 8; and 8, , a study is conducted using different sets of values

for these angles. The accuracy of the empirical formulation is also investigated for differ-

ent patch sizes.

The empirical results are compared with those of the full wave infinite periodic array anal-
ysis obtained through formulations mentioned in Chapter 3. Care is taken to ensure good

convergence and accuracy of the full wave solutions. Results for the resonant patch array

are shown in Table 4-1. Three sets of incident angles are selected, which are (8, = 30°,

Chapter 4: Some Essential Design Concepts -89- University of Manitoba



3

9.2 = 60°), (eil = 30°, 9,-2 = 75°) and (9,.[ = 15°, 0; = 45°). An examination of
these results, and additional ones for the non-resonant patch arrays, indicates that, for all
angles less than 6,-2 , the phase error due to the empirical formulation is always less than
2°. The error increases rapidly for incidence angles beyond 0 - In practice, the reflectar-

ray focal length is generally assumed to be large, to reduce the phase quantization error.
Thus, its edge angle is usually less than 60°, and phase computation for large angles is

unnecessary.

Fig. 4-2 through Fig. 4-4 compare graphically the empirical formulation data with the full

wave solutions. Although the non-resonant patch arrays exhibit slightly larger phase

errors, good agreement is evident for all angles less than @, , for both resonant and non-

resonant patch arrays.
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Table 4-1: TE-to-z reflection coefficient phase values for an infinite periodic array of sin-
gle-layer, resonant, rectangular microstrip patches. f = /1.76/GHz, a = 0.731/cm,
b= 045m,s =s, = [1.25cm, €, = 22,2z, = 0.3/7cm, ¢; = 90°, x-polarization,

and [Ale = IWR, full wave — VR, empin'call .

Phase of the TE-to-z reflection coefficient, y,
Pl Full Empirical
ancwave ull wave analysis, Phase error, | Phaseerror, | Phase error,
incident analysis, A
angle, ei WR, full wave WR’ empirical |A‘I’RI IAle i WRI
(ei, = 30°, (6‘-, = 30°, (9,.! = 30°, (6,., = 15°,
6, =60°) | O, =60°)| O, =75° 9,.’ = 45°)
0° -0.08° — — — _
10° 2.93° 4.68° 1.75° 1.68° 0.28°
20° 11.59° 13.31° 1.72° 1.64° 0.55°
30° 24.72° — — — 1.79°
40° 40.56° 38.87° 1.69° 1.52° 1.45°
50° 57.63° 56.04° 1.59° 1.16° 2.57°
60° 76.80° — — 0.82° 10.50°
70° 102.23° 102.09° 0.14° 1.22° 19.88°
80° 137.31° 133.31° 4.00° 1.89° 29.95°
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Fig. 4-2: Comparison of the TE-to-z reflection coefficient phase computed by empirical
formulation and full wave analysis, with 9
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Fig. 4-3: Comparison of the TE-to-z reflection coefficient phase computed by empirical
formulation and full wave analysis, with 8, = 30° and 8; = 75°: (a) resonant patches,
where a, is the resonant length, and (b) non-resonant patches Other parameters are the
same as in Table 4-1.
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Fig. 4-4: Comparison of the TE-to-z reflection coefficient phase computed by empirical
formulation and full wave analysis, with 0 = 15° and 0, = 45°: (a) resonant patches,
where a, is the resonant length, and (b) non-resonant patches Other parameters are the
same as m Table 4-1.
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4.2 PHASE QUANTIZATION ERRORS DUE TO FINITE PATCH SIZES

The phase quantization errors attributed to finite patch sizes, and also, to the continually
varying phase of the incident field from the feed as the subtended feed angle increases, are

investigated. Particular attention is given to sensitivity of phase to the feed-to-patch-ele-

ment subtended angles and reflectarray F/D ratios for a given patch dimension and

geometry.

4.2.1 Finite Patch Size and Phase Errors

For the purpose of this study, patches on the y-axis of the patch array are utilized as sam-

ples in the phase error analysis, where the element separation in the y-direction is s,. The

feed is assumed to be an infinite line-source located on the z-axis at z = z » and the patch

array is symmetrically centered at the origin. These are depicted in Fig. 4-5. As such, the

phase delay, y;, corresponding to Fig. 4-5 is formulated as
y; = k,L, (secO,—1); for 0<8,<O,, 4-4)

where k, is the free-space propagation constant, 6, is the subtended angle from the feed
location z = z, on the z-axis to the n -th patch on the y-axis and is assumed as 6, = 0,
in the analysis, ©, is the maximum feed subtended angle of the patch array, and L, is the
path length from the feed location to the patch element at the origin. In this case, L, is

also the focal length, F, of the reflectarray, thatis, F = L, = z - The phase of the scat-
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Fig. 4-5: Cross section schematics of a microstrip reflectarray: (a) illustrations of various
geometric parameters, and (b) for defining the maximum subtended feed angle, ©, .
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tered wave W, is computed from the infinite periodic array modelling discussed in Chap-

ter 3.

Using (4-4), the rate of change of the phase delay y; with respect to the incident angle at

8, = O, foragiven F/D ratio and d 4, , is (a‘\p,-/dﬁ,-)le o , as given by

1.2 = <
2 ("_"L] - Uo7 b @-52)
kD), 2(F/Dy)
where
DN = D —2d 4., (4-6b)
0< N; < v, (4-6c)
®;lo, <0, Pilo, -0,

for 0<0,<0,, D is the ground plane dimension, in the y-direction, of the patch array,

d is the extension length, in the y-direction, of the ground plane edge from the patch

edge
array edge, and N is the total number of patch elements along the y-axis of the patch

array.

It follows from (4-5), and the assumption of degge = 0, that the rate of change of the

phase delay at 8, = ©, with respect to the /D ratio is [dy;/d(F/ D)) Ie —e.’ as

described by
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e

1 dy;
k,D) d(F/D) 8=

- 1, @7

] = kzp(%)

e,,J o 9,=9,

Equations (4-5) and (4-7) represent the sensitivities of the phase delay to change in 8; and

F/D ratio at 8, = O, respectively.

The geometrical parameter B shown in Fig. 4-5(a) represents the finite patch dimension

that spans an angle A9, . Some patch geometries for a microstrip reflectarray, which were

studied in [81], are illustrated in Fig. 4-6 with the dimensional parameter B defined for

each geometry.
Center
lme of {_ _ —5- _
x
cell
Rectangular Single stub Twin stub
patch rectangular rectangular
patch patch

Fig. 4-6: Definitions of dimension parameter B for patches for a microstrip reflectarray.
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4.2.2 Examples for Discussion

The phase delay curve for F= zp = I5cm , evaluated at frequency f =11.76/GHz

using (4-4), is depicted in Fig. 4-7. This curve indicates that the phase delay v, is highly
sensitive to changes in the incident angle 0, when 0, is large. Hence, for a given patch at
a subtended angle 6, , a difference in phase delay exists across the patch due to its finite

size B shown in Fig. 4-6. This difference in phase delay is denoted as Ay;. A large Ay,

produces a large phase error that results in degradation of the reflectarray performance.

Fig. 4-8(a) illustrates Ay, for different patch sizes over a range of subtended angle 6,,.

Given F/ D ratios 0.293 and 0.488 for reflectarray configurations similar to Fig. 4-5(b),

180.0 -
— 90.0 1
A
O
:do -
o 0.0 1
- |
N
5 -90.0 4 [— For z,= 15cm
-180.0 r r r T — r . . y ' '
0.0 20.0 40.0 60.0

O, (degrees) -

Fig. 4-7: The phase delay curve for F= z, =/5cm , evaluated at frequency
f = 11.761GHz.
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Fig. 4-8: Phase quantization errors: (a) difference in phase delays across a patch width,
AV ;, due to the finite sizes of patches for a microstrip reflectarray, evaluated at the fre-
quency f =11.76IGHz with its wavelength being A, = 2.5508cm, and (b) phase
delay sensitivity at 6, = ©_., evaluated from (4-5) and (4-7) for N = 4] .
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and assumming that dedge = 0, the corresponding ©_ are 59.66° and 45.7/°, respec-

tively. For B = 0.75cm, these correspond to maximum Ay, as 9/.43° and 75.82°,

respectively.

The phase delay sensitivity plots are shown in Fig. 4-8(b), which are obtained through (4-
5) and (4-7), for N = 41 . For small F/D ratios, the phase delay at ©_. is highly sensi-
tive to 9;, and becomes relatively insensitive as /D ratios increase, as indicated by the

first curve in the figure. Similar observations are also made of the phase delay sensitivity

to changes in F/D ratios at O, as shown by the second curve.

Therefore, for small F/D ratios, the Ay; at the ©, angles would be very large and small

patch dimensions B should be employed as much as possible in such cases.

4.3 RECTANGULAR AND NARROW STRIP PATCHES

A rectangular microstrip patch with an aspect ratio b/a > 0.25 possesses a wider band-
width than that of a narrower patch, such as a narrow strip patch with 5/a < 0.25, but at
the cost of a larger unattainable reflection phase range [7]. Consequently, due to its less
sensitive phase curve at near-resonant patch lengths a, as discussed in Chapter 3, the rect-

angular patch array can provide a better phase correction within its attainable reflection

phase range, compared to that of the strip patch array.
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Nevertheless, since its width dimension B is larger, the phase quantization error at a large
subtended angle 6, for the rectangular patch is greater, compared to that of the strip

patch. Hence, this may result in a poorer reflectarray phase collimation for the rectangular

patch array.

In Chapter 5, due to their very small unattainable reflection phase ranges, strip patches
would be utilized in the combination patch array for an offset-fed reflectarray configura-

tion.

4.4 SUBSTRATE THICKNESS AND HIGHER-ORDER MODES

For a low permittivity thick substrate microstrip reflectarray, the maximum subtended
angle of the patch array ©,,, depicted in Fig. 4-5(b), may be restricted by the onset of

propagating higher-order modes. Hence, this issue is investigated for the rectangular patch

array in this section.

Similar to Chapter 3, a TE-to-z incident plane wave at ¢; = 90°, with E x-directed, is
utilized as a modelling approximation, where 0, = 0, is assumed. Rectangular patch
dimensions are a = b = 0.75cm, element separations in the x- and y- directions are

s, = §, = 1.25cm, respectively, and €, = /.03 for a foam substrate.
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From Fig. 4-9, for ¢, = 2.5, the resonant frequency f, decreases as the substrate thick-
ness z, increases. Consequently, the frequency bandwidth around f, increases, agreeing

with [7]. Similar behavior can also be observed for €, = 1.03.

In general, the critical incident angle 0, at the onset of propagating higher-order modes
is dependent on frequency, but independent of substrate thickness z,,, as represented by
the discontinuities illustrated in Fig. 4-10 for €, = /.03. In fact, the patch arrays for these
satisfy the well-known phased array grating lobe criterion |sin®;.| < A /s, — 1 , where, in

this case, 6, is the maximum scan angle and Sy is the element separation [100].
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Fig. 4-9: TE-to-z reflection coefficient phases at normal incidence (0, = 0°) and
¢, = 90°, due to frequency f, for different substrate thicknesses z, =295,
a=»5b-= 0 75cm, s, = s, = 1.25cm and E is x-directed. Resonant frequenc1es

f, = 11.761GHz, 1. 109GHz and 10./10GHz, for z, = 0.0798cm, 0.1588cm and
0.3175cm, respectively.
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Fig. 4-10: TE-to-z reflection coefficients due to incident angle 0,, for different substrate
thicknesses z,: (a) magnitudes 4, at f=17320GHz, (b) phases y, at

f=17.320GHz, and (c) magnitudes A at different f,. €, = 1.03,a = b = 0.75cm,
e =5, = 1.25cm, ¢; = 90° and E is x-directed.
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At f = 17.320GHz, 0, = 22. 69° for all the substrate thicknesses shown in Fig. 4-10(a)

and (b). For 0; > 6;_, both first-order (00 -th, or specular) and 0! -th Floquet modes prop-

agate, thus resulting in a large magnitude attenuation illustrated in Fig. 4-10(a) for the

first-order mode. Hence, if the first-order reflection coefficient was to be utilized for

reflectarray applications, O must be less than 6., so that power loss due to propagating

ic?

higher-order modes is negligible.

Fig. 4-10(a) and (b) shows a resonance at f = /7.320GHz, for the substrate thickness

z, = 0.0798cm (i.e. z, = 0.04611). Furthermore, Fig. 4-10(c) demonstrates that 6,,
decreases with increasing resonant frequency f, . In general, however, Fig. 4-11 indicates

that 8, decreases with increasing frequency /', as governed by the grating lobe criterion.

10 \T\ I
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4 < ‘\\
-i b = 0.75cm \‘
0.6 l \\
< ‘
0.4 - y TS ———e.
0.2 - — f=15.320GHz
: o x - f=17.320GHz
1 - = 19.320GHz
0.0 T r T T ™ T r T |
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Fig. 4-11: TE-to-z reflection coefficient magnitudes 4, at different frequencies £,
due to incident angle 0,, for z, = 0.0798cm. ¢, = 1.03, a = b = 0.75cm,
s, =5, = 1.25cm, ¢; = 90° and E is x-directed.

X
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Therefore, substrate permittivity and thickness, patch array dimensions, and operation fre-

quency, must be chosen such that 8, is adequately large, so that no propagating higher-

order modes is produced for a given ©,,. That is, the reflectarray /D ratio is generally

made sufficiently large.

4.5 VARIABLE-STUB-LENGTH MICROSTRIP PATCH ARRAYS

Fig. 4-12, illustrates three types of microstrip patches for this study, namely,

(i) rectangular patch,

(i1) single-stub patch, and

(iii) twin-stub patch.

—»|

|

A4

(¢) a

Fig. 4-12: Microstrip patches for a reflectarray: (a) rectangular patch, (b) single-stub
patch, and (c) twin-stub patch.
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A reflectarray with a variable-patch-length patch array employs the patch length for
reflection phase control [7][80], as discussed in Chapter 3. On the other hand, a reflectar-
ray with a variable-stub-length patch array utilizes stub length for reflection phase control
[9][101]. That is, the stub attachments are phase delay transmission lines employed to
correct the reflection phase of the reflectarray so that a co-phasal aperture plane is

achieved, satisfying (3-19).

For single- and twin- stub microstrip patch arrays, the element spacings for the x- and y-

directions are s, = s, = [.25cm, respectively. A TE-to-z incident plane wave is
assumed, with E x-polarized. The reflection reference plane for the infinite periodic array
simulations is at z = z, = 0.5A,, where A, is the free space wavelength for a center fre-

quency f = 11.761GHz.

The objective of this study is to demonstrate that the TE-to-z reflection coefficient phases
of the single- and twin- stub patches are linearly dependent on stub length, and thus, their

bandwidth are not restricted by their reflection phase characteristics. For the purpose of

this study, however, the vertical stub length /, is assumed to be zero. Thus, the length

deviations from the resonant patch length a,, are defined as

(1) 3=a - a, for a rectangular patch, as described in Chapter 3,

(i) & = [, for a single-stub patch, and

(iii) & =2/, for a twin-stub patch,
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where /_, is defined in Fig. 4-12.

4.5.1 Single-Stub Microstrip Patch Array

The resonant rectangular patch for f = /1.761GHz, as presented in Chapter 3, is utilized
for this stubbed patch geometry, where ¢, =25, z, = 0.0798cm and
a, = a = b = 0.75cm. For the single-stub patch illustrated in Fig. 4-12(b), a stub width

w, = 0.0lcm is attached onto the patch.

For the rectangular patch array discussed in Chapter 3, the TE-to-z reflection coefficient
phase W, varies nonlinearly with patch length, and is highly sensitive to patch length near
resonance. However, the single-stub patch array is generally more wideband. In Fig. 4-13,
where straight stubs (without the 90° bends) are utilized, i.e. with /,, = 0, the phase

curves are relatively linear, agreeing well with [101].

4.5.2 Twin-Stub Microstrip Patch Array

Fig. 4-13 shows the wideband characteristics of the twin-stub patch array, similar to that
of the single-stub patch array. Moerover, with an additional 0.2cm of total stub length,
the twin-stub patch has an extended TE-to-z reflection coefficient phase range of approxi-

mately 45° moreat f = /1.76/GHz.
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4.5.3 Comparisons of Single- and Twin- Stub Microstrip Patch Arrays

At short stub lengths, Fig. 4-13 indicates minor differences in y, between the phase

curves. These are attributed to the relatively high sensitivity of y, to stub length near res-

onance, because of a discontinuous structure. Such a problem may be mitigated using the

Boundary Integral - Resonant Mode Expansion (BI-RME) method described in [70][71].

From Fig. 4-14, y for both single- and twin- stub patches increase with increasing inci-
dent angle 6;. This behavior is similar to those observed and discusseed in Chapter 3 for

rectangular patch arrays.

0.0
. — Rectangular
Nz, —+v—- Single-stub
8 ‘60.0 ‘ | | l
L
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>
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8/a, (x107)

Fig. 4-13: Comparisons of TE-to-z reflection phase curves at normal incidence for rect-
angular, single-stub and twin-stub patch arrays, with f = 11.76IGHz, ¢, = 2.5,
z, = 0.0798cm, s, = s, = 1.25¢cm,a, =a =b = 0.75cm and [, = 0.
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Fig. 4-14: TE-to-z reflection phase curves for different incident angles 0, : (a) single-stub
patch array, and (b) twin-stub patch array, with the same parameters as in Fig. 4-13.
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4.6 TAPERED LINE-SOURCE DISTRIBUTIONS

For the line-source described in Chapter 3, near-field uniformity along the x-direction was
assumed. However, due to Gibb’s phenomenon in a finite line-source, the actual computed
near-field is oscillatory [94]. Although this oscillatory amplitude is generally not substan-

tial, its effect on the resulting phase correction error is sometimes significant.

For the reflectarray considered in this investigation, the rectangular microstrip patch
arrays of Chapter 3 are utilized. Reflectarray radiation characteristics, illuminated by line-
sources with different tapered distributions, are then compared to that of the uniform dis-

tribution.

4.6.1 Near-Field Feed Analysis

The tapered source distributions employed are cosine-pedestal, Chebyshev and Taylor dis-
tributions, of which the normalized source excitations at f = /1.76/GHz are presented
in Fig. 4-15. The cosine-pedestal distribution is determined from P + (/ — P)cos(nx/L)

[102], where P is the pedestal level in negative dB, and L is the length of the line-source.

Compared to the uniform distribution, these tapered distributions generate lower field
intensities near array edges, as depicted in Fig. 4-16. Hence, both the uniform and Cheby-

shev distributions provide the largest oscillation amplitudes, and the cosine-pedestal and
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Fig. 4-15: Source excitations for tapered distributions at f = /1.76/GHz, due to the
line-source described in Chapter 3. SLL=-25dB for both Taylor and Chebyshev distri-

butions.

Taylor distributions produce the smallest, as depicted in the figure. Similar characteristics

are observed for the near-field phases as well.

Furthermore, when compared to the cosine-pedestal distributions of different pedestal
tapering levels, the uniform distribution produces the largest oscillation amplitudes, as

illustrated in Fig. 4-17. On the other hand, the cosine-pedestal distribution, with

pedestal = —9dB, and the Taylor distribution, yield the least oscillation amplitudes.
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Fig. 4-16: x-polarized E fields in the near-field (Fresnel) zone along the x-axis on the
patch array, due to different line-source distributions, for f = 11.761GHz: (a) relative
magnitudes, and (b) phases. The last patch column on the array is at x = 9.80/A, where
A is the wavelength, and zp = l5cm.
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Fig. 4-17: x-polarized E fields in the near-field (Fresnel) zone along the x-axis on the
patch array, due to uniform and cosine-pedestal line-source distributions, for
f = 11.761GHz: (a) relative magnitudes, and (b) phases. The last patch column on the
array is at x = 9.80IA, where A is the wavelength, and z, = /5cm.
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4.6.2 Reflectarray Far-Field Characteristics

In general, large near-field oscillations of the uniform and tapered line-source distribu-

tions contribute to the increase in phase correction errors. Consequently, the loss in reflec-

tarray directivity D, is increased, as indicated in Table 4-2.

Significant effects are further observed from the table for spillover efficiencies and side-

lobe levels (SLL) in the E-plane (¢ = 0°). Very low first SLL in the E-plane (¢ = 0°)

and good spillover efficiencies are typical for large distribution taperings. However, they

yield larger HPBWs in the E-plane (¢ = 0°) and lower directivities D,, .

Fig. 4-18 illustrates the reflectarray directive gain patterns Dg in the E- and H- planes

(¢ = 0° and ¢ = 90°, respectively) for the reflectarray fed using these line-source distri-

butions. Since the line-source is oriented parallel to the x-axis, its source distribution has

negligible effect on the reflectarray directive gain pattern in the H-plane (¢ = 90°),

which is mainly governed by column elements of the patch array.
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Fig. 4- 18 Reflectarray directive gam patterns, D at f = 11.761GHz: (a) E-plane
(¢ = 0°), and (b) H-plane (¢ = 90°). Other parameters are the same as in Table 4-2.
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4.7 CONCLUSION

For the analysis of infinite periodic arrays of single-layer rectangular microstrip patches,
an empirical expression is obtained and verified for calculating the phase of the TE-to-z
reflection coefficient. It requires only three parameter determinations using the full wave

analysis, which reduces computational times significantly. It is also relatively accurate.

Phase quantization errors, attributed to finite patch sizes, is generally significant at large

subtended feed angles 0, . That is, it increases with the patch size. Nevertheless, it can be

reduced by increasing the F/D ratio.

A microstrip reflectarray designed using low permittivity and thick substrate can experi-
ence limitations due to propagating higher-order modes, especially for a small 7/ D ratio.

However, a thick substrate increases the frequency bandwidth.

Stubbed microstrip patch geometries are also investigated. Their TE-to-z reflection coeffi-
cient phases are observed to be linearly dependent on stub lengths. Also, a twin-stub patch

offers an extended reflection phase range, as compared to a single-stub patch.

The effect of tapered line-source distributions on the reflectarray performance is investi-

gated. They generally improve the reflectarray far-field characteristics, such as, spillover

losses and SLL in the E-plane (¢ = 0°), but at the cost of lower directivities.
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5 Offset-Fed Configuration

To further verify the results in Chapter 3, offset-fed microstrip reflectarrays for rectangu-
lar and combination of rectangular, strip and hat-shaped patch geometries are investi-
gated. This chapter provides their rigorous analysis. Properties of a multiple-geometry
patch array are analyzed and compared to those of a rectangular patch array. Some reflec-
tarray properties, such as, phase errors, radiation patterns, directivities and spillover effi-

ciencies, are also discussed.

The offset-fed configuration decreases the feed blockage inherent in the center-fed config-
uration. The offset-fed configuration, however, is more complex since it involves addi-
tional geometrical parameters. Included in the analysis, for the purpose of this study, are
near-field oscillations due to the finite line-source feed, similar to those discussed in

Chapter 4.

5.1 AN OFFSET-FED CONFIGURATION

An offset-fed reflectarray is realized through the determination of its feed location in the
yz-plane. Details of its parameters are presented in this section. It is assumed that the line-
source feed utilized is the same as those employed in the center-fed configurations, men-

tioned in Chapter 3 and Chapter 4.
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5.1.1 Geometrical Description

Referring to Fig. 5-1, the upper and lower edge subtended angles are ©; and 0, respec-

tively, where 0° <8_<©_ < 90°. The beamwidth of feed illumination onto the patch

‘-------------~

’--------
----—----’

I —ZXT -—--—-F:jf--—___o
b Main beam
2
=9rsp
_— Y,
v 1 -
4 z

(N lw)

&
+—>
\‘T}

&

F=zf

Fig. 5-1: yz-plane geometrical configurations of an offset-fed microstrip reflectarray,
with an x-polarized E field from the line-source feed.
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array in the y-direction is defined as
e, =06,+0_, (5-1)

where

(D-s5,)72 + y,

tan®, = (5-2a)
r
D-5)/2-
tanec, = Ei—&), (5-2b)

s
0°<©,,<180°, 0°<8,<0O, for patches at locations y 2~y on the microstrip patch
array, 0° <0, <9, for patches at locations y < -y, on the patch array, and y, is the feed
offset distance below the z-axis. Parameters 6, , D, s, and z  are as previously defined

in Chapter 3.

The feed is aimed at an angle ©,, /2 onto a location on the patch array which is at y,,

distance above the feed in the y-direction. The feed tilt angle is then given as

0, = —=*-6,, (5-3)

such that,

tan8, = 2¥, (5-4)
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where 0° £ 9f< 90°.

It is assumed, that, at a location y = y, on the patch array, there is a specular reflection
sp
angle 8, which equals the reflectarray main beam angle 6,, where 0° <6,<90° and
sp
Yo,, is the y-coordinate of the location. Then, Oim =0, =6,,where 0°<8; < 90°,
sp s

0°<0, <90° and O; is the corresponding incidence angle of feed illumination onto
sp sp

Y = Y, _on the array. This gives

y.
tan®, = tan®, = —* (5-5)
sp sp Zf
and
yosp = y[sp_ yo’ (5-6)

where y; is the offset distance of the location above the feed.
sp

5.1.2 Feed Position, Orientation and Near-Field Characteristics

Referring to Fig. 5-1, for the given dimensions D = 38.75cm and s, = 1.25cm, and by

arbitrarily selecting ©, = 48° and 0, = 20° for the offset-fed configuration, the feed
is repositioned to a newly calculated location in the near-field region, at

(x,y,2) = (0,-9.810, 26.279)cm, from its previous position discussed in Chapter 3.
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This provides a y, = 9.8/0cm offset below the z-axis and = = 26.279cm . Hence,
F/D = 1.475. Fig. 5-2 depicts this new feed position, with ©, = 47.38° and

6, = 18.79°, as evaluated from (5-2a) and (5-2b), respectively.

From (5-3), the feed is aimed at 6 = 14 ° . This feed direction is along the z' -axis which

intercepts the microstrip patch array at y = —3.258cm, as determined from (5-4), where

the 'z’ -axes constitute the coordinate system for near-field feed computations.

y

F/D = 1.475

—_— ]9.375cm
18.750cm

Sl

md
Q

Yo~ Vw
= —3.258cm

0!

—9.810cm

NID

—18.750cm
vy _ ~19.375cm %@

F = zZp = 26.279cm

Fig. 5-2: A simplified yz-plane geometrical configuration of an offset-fed microstrip
reflectarray, illustrating some important y -coordinate positions on the microstrip patch
array.

Chapter §: Offset-Fed Configuration -123 - University of Manitoba



Since the reflectarray F/D ratio is large, the large H-plane (¢ = +90°) single line-

source beamwidth must be reduced so that the spillover loss is small. As such, a double

line-source feed is considered, which generates a more directive H-plane (¢ = i90°)

feed beam, if the line-source separation in the )’ -direction, d \»» is properly chosen.

To ensure that d,, provides a single main-lobe for the double line-source, so that the spill-
over loss due to side-lobes is minimized, the restriction dy, < 0.5\ is enforced. The near-

fields of both single and double line-sources for a center frequency f, = 1/.761GHz, at

patch locations along the y-direction of the patch array, are plotted in Fig. 5-3 for a uni-

vy
o
j

o
(e ]
e

o
»
1

o
>
1

i -~ dy=1.00cm = 0.3920A
-~4-- dy=1.15cm = 0.4508A

Relative magnitude (V/m)

0.2 1 —+— dy'=1.27cm = 0.4979A
1 —=x—- Single line-source
0.0 Y L T Y Y T T Y T T ¥ LA N |
-16.0 -8.0 0.0 8.0 16.0
n-th patch

Fig. 5-3: Comparisons of near-field relative magnitudes along the y-axis for the offset-
fed configuration, due to single and double line-source feeds, with f = /1.76/GHz,
s, = 1.25cm and uniform line-source distributions.
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form line-source distribution. Near-field oscillations due to these line-sources are included

in subsequent reflectarray simulations.

5.1.3 Main Beam Direction
The required phase corrections, to be produced by the microstrip patches in the array, are

given as

\Vn = W[ - Bo ’ (5-7)

where y; and B, are as previously defined for (3-19) in Chapter 3.

By scanning the reflectarray beam away from the feed to decrease blockage, the variation

of y, with 6, , and consequently with y, can be reduced. This phase sensitivity behavior
is attributed to y, having exponential increments, because of its dependency on the phase

delay v;, as given in (5-7).

Associated with phase delay y; is a phasal local minimum which coincides with the loca-

tion of the shortest path length, in the yz-plane, between the patch array and the feed.

Consequently, associated with y,, is a phasal local minimum that is dependent on 8, , and

thus, main beam angle 8_. For 6, = 0°, B_ = 0, and thus, ¥, = y,, which certainly
o o (/] n ]

produces a local minimum that coincides with the shortest path length location mentioned

above.
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To determine the location of this minimum, the assumption 6, = 0, =0, is
sp p

employed. Since near-field oscillations due to the line-source are included into the analy-
sis, the m = 6 column of a 4/ x 31 -element microstrip patch array (i.e. with 4/ col-
umns and 3/ rows) is arbitrarily selected for illustration. For this patch column, local
minima for 8, = 0°, 25° and 34° are computed from (5-5) and (5-6), to be positioned at
Y=y, = —9.810cm, 2.444cm and 7.915cm, respectively. This demonstrates, that, for

this specified configuration, the minimum point shifts in the direction of increasing y for

increasing 0, as illustrated in Fig. 5-4.

For a quantitative phase sensitivity analysis, (4-5) of Chapter 4 is modified for the offset-

fed configuration of Fig. 5-1. The rate of change of y, with respectto 6, at 8, = 6, for

a given “focal” length F, i.e. (dy,/d8);) Ie o’ is

~ 1.2 ~ 2
2 (2w JU-@70 "1 + [2F/By) 550
kD) 487\ 2(F/Dy)
where
o<t M| (5-8b)
dei 8,<8, dei 8,=8,
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) M-y, ; for y=y
5 = - i (5-8¢)

Dl +y, 5 for y<y,

and
- Y=Y, 3 for y2y,
Yy s, = ® ® o (5-8d)
y+y, ; for y< yosp
Since
. 2
Fhm —(dvy,,/d8;) =/, (5-9)
- koDN ei = en
the phase sensitivity 2- (dy,/dd;) is evaluated as percentage error
kODN ei = en
9 = | ~Z—(dy, /a8 ~ 1|-100%. (5-10)

koDN 9.=6

i n
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Table 5-1: Phase sensitivities at selected locations along the m = 6 column of the patch
array for the offset-fed configuration, with F = zp = 26.279cm, D = 38.750cm,
s, = 1.250cm and y, = 9.8/0cm.

Position of Phase sensitivity, g (percent) t
local
Main beam m‘fm““" Atn = IS Atn =0 Atn = —I5
angle, Y 7 Yoy | (y=18.750cm) (y = 0cm) | (y=-18.750cm)
90 (cm)
0° —-9.810 3.4712 0.3811 0.3124
25° 2.444 1.1067 0.0150 1.8965
0 7.915 0.4706 0.2402 3.0228
34

¥ For the center-fed configuration of Chapter 3, g = 60.0781% at n=*15
along the m = 6 column.

Table 5-1 shows the computed phase sensitivities g for different 0, at selected locations
on the patch array. As expected, edge elements farthest from the minimum locations gen-

erally exhibit the highest phase sensitivities. These are also graphically illustrated in Fig.

5-4for8, = 0° and @, = 25°.

o

For minimum phase error in the offset-fed configuration, the local minimum should be

positioned at y = 0 for the offset-fed configuration. With reference to Fig. 5-1, and as

-129- University of Manitoba
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determined from (5-5) and (5-6), this necessitates that 6, = 6, =0, = 9-0 = 20.47°.

This criterion also minimizes beam squint effects in the main beam when the frequency is

scanned [39][40].

But, since 8, = /8.79°, as determined from (5-2b), utilizing 8, = 20.47° in the design,

may not provide adequate clearance for avoiding significant feed blockage in the near-

field zone, which requires that 8, » 8_. Resolving these issues, 8, = 25° is selected.

For 0, = 25°, the required phase correction y, in Fig. 5-4, due to the n-th patch, is

replotted as a phase curve due to 0, in Fig. 5-5(a). In the new figure, ¢, = 90° corre-
sponds to locations on the patch array above the feed, i.e. for y >-3.258cm, while

¢, = —90° corresponds to locations on the patch array below the feed, i.e. for
i p

y<-3.258cm, where 0; and ¢, are previously defined in Chapter 3 for the infinite peri-

odic array modelling.

Since 8, = 6, = 0, a phasal local minimum occurs at 8, = 8, = 25° in Fig. 5-5(a).

sp sp

That is, for a given 8, in general, the phasal local minimum occursat®, = 6, = 0

3 [
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Fig. 5-5: Phase curves for the offset-fed microstrip reflectarray at f = 1/.761GHz, for
rectangular patches: (a) phase curves y, and TE-to-z reflection phase curves
(Wgy, resoname fOr @ = a, = 0.974cm, yp, largest for a = 1.200cm, and Wz, majest

for a = 0.200cm ), due to incident angle 6, = ; along the m = 6 column of the patch
array, and (b) TE-to-z reflection phase due to 8/a,, and its corresponding phase dia-

gram, for normal incidence (8; = 0°). € = 1.03,z, = 0.317cm, a, = 0.974cm and
b = 0.45cm.
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5.2 PATCH ARRAY AND FAR-FIELD RADIATION ANALYSES

A substrate thickness z, = 0.3/7cm, with €, = 1.03, is chosen for an offset-fed single-

layer microstrip reflectarray having its main beam directed at 6, = 25 ° for a center fre-
quency f, = 11.761GHz. It is consist of a 41 x 3/ -element microstrip patch array. For

both rectangular and combination patch arrays considered, the widths of all the rectangu-
lar patches are b = 0.45cm, while the dimensions of all other patch geometries remain
the same as those in the center-fed configurations, as in Chapter 3 and Chapter 4. Only

patch length a are varied to obtain field collimation for the desired main beam direction.

5.2.1 Patch Array Symmetry

For an offset-fed configuration, computations are necessary only for a half section of the
M x N -element patch array due to symmetry, so that computation speed and efficiency
are enhanced. M and N represent the number of elements in each column and row in the

array, respectively.

B-cause of (3-23) in Chapter 3, (3-21) in that chapter, as applied to the offset-fed configu-

ration, is simplified to

M N
Ef®ee)=3Y 3 L,fig. (5-11)

m=0 n=—N

where
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AMCE) . _
f,=1¢€ ; for m=0 (5-12a)

2cosly,,(8,0)] ; for m=1,23,...

v
g, =" . forn=025142 .. (5-12b)

I, = Rngfnff)e’B" ; for m=0,1,2,... and n=0,+1,+2, ... (5-12¢)
L4

These formulations are then utilized for the far-field radiation analysis of an offset-fed

configuration consisting of a 4/ x 31 -element microstrip patch array.

5.2.2 Rectangular Patch Array

The TE-to-z reflection phase curve Wz, .conant I Fig. 5-5(a), for the resonant microstrip

patch where a = a, = 0.974cm, indicates that the patch produces the required phase

correction at 8, = 0, =25° for @, = 25°. Thus, the patches in the vicinity of the local

minimum are generally consist of near-resonant patches.

Furthermore, the phase curves Wz, 1,00 a0d Wy, smaiies 1 the figure, for the largest and

smallest microstrip patches, i.e. a = 1.200cm and a = 0.200cm, respectively, define
the unattainable reflection phase range of the microstrip patch array, while their corre-

sponding phase diagram is depicted in Fig. 5-5(b), similar to those in Chapter 3.
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The empirical formulations (4-1)-(4-3), presented in Chapter 4, are utilized to determine

the required patch lengths a for the 4/ x 31 -element array, as a quick first-pass solu-

n, emp
tion. Although this solution is relatively accurate, as proven in Chapter 4, a further optimi-
zation of the solution is easily performed using the full wave analysis and through minor

tuning of the patch lengths individually.

With near-field oscillations due to the line-source feed included, resulting patch lengths

a, for the m = 6 column of the array are illustrated in Fig. 5-6(a). Their corresponding

achieved reflection phases yj, are depicted in Fig. 5-6(b).

The percentage errors for a obtained through the empirical formulation, are pre-

n, emp?
sented in Fig. 5-7(a), which shows good accuracy of the patch lengths, especially for the
near-resonant patch lengths. A comparison of the reflectarray directive gain patterns, pro-
vided in Fig. 5-7(b) for the single line-source feed configuration, also exhibits excellent

accuracy of the empirical results.

5.2.3 Double Line-Source Feed

To decrease the spillover loss for an offset-fed reflectarray, the uniform distribution dou-

ble line-source feed, previously discussed in Section 5.1.2 of this chapter, is utilized. The

line-source separation d,, = 0.5A is selected, where A is the wavelength, since it pro-
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z, = 0.317cm, a, = 0.974cm and b = 0.45cm.
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duces the most directive H-plane (¢ = +90°) feed beam for no side-lobes, as is evident

in Fig. 5-3.

For the double line-source feed at f = /1.761GHz, the patch array edge illuminations
along the y-axis are —4.40dB and —5.66dB atn = —I5 and n = 15, respectively. Con-
sequently, given that the patch array lengths along the x- and y- directions are

4ls_ = 21.117\ and 3! s, = 15. 708 , respectively, the reflectarray spillover loss is sig-

nificantly reduced from that of the single line-source feed, as indicated in Table 5-2.

Table 5-2: Performance of offset-fed microstrip reflectarrays with single and double line-
source feeds, 4/ x 31 -element rectangular patch arrays and uniform line-source distribu-
tions. f = 11.761GHz, €, = 1.03, z,=0.3170cm, z;=26.279cm, 6, = 25°,
a, = 0.974cm and b = 0.45cm. Values in brackets are for the ideal patch array having
no phase correction error.

Single i Double
Properties line-source Ine-source
(d, = 1.27cm)
D, (dBi) 32.83 34.55
[33.04] (34.75]
0 24.97° 24.97°
° [24.98°] [24.97°]
o
HPBW (¢ = 90°) 377 03
[ 3.75° ] [ 4.01° ]
Max. SLL (¢ = 90°) —-13.42 -16.24
(dB) [-13.69] [-16.56]
Loss in directivity 0.21 0.20
(dB)
Spillover 41.94 11.56
(percent)
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Comparing reflectarray far-field radiation characteristics between contigurations with sin-

gle and double line-source feeds, and with reference to Table 5-2 and Fig. 5-8, the direc-

tivity D for the reflectarray with a double line-source feed is improved by /.72dB .

Furthermore, its initial SLL are also decreased, but at the expense of increased SLL at

observation angles far from the main-lobe.

36.0 -l b = 045cm ,
. g “““ Single
|——>] — Double
1 09 a
— 24.0 T 2i 00 ogﬁm?b
g ] “,led 4
-16.0 0.0 16.0
— ] n-th patch
ch 12.0
] o 1R
7 /\/\ ¢ : A
00 =t 4 8 U L L PN
-90.0 -60.0 -30.0 0.0 30.0 60.0 90.0

O (degrees)

Fig. 5-8: Reflectarray H-plane (¢ = +90°) directive gain patterns D, at
f = 11.761GHz, for offset-fed microstrip reflectarrays with single and double line-
source-feeds, and 4/ x3/-element rectangular patch arrays. € = /.03,
z, = 03/7cm, a, = 0.974cm and b = 0.45cm.
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5.2.4 Combination Patch Array Fed by A Double Line-Source

Fig. 5-9 illustrates the TE-to-z reflection coefficient phases at normal incidence for differ-

ent microstrip patch geometries, evaluated at f = /1.76/GHz, with €, = /.03,

—»| &I, = 0.05cm

Hat-shape b = 0.32cm
_ L2 patch :
w, = 0.1llcm—_

ol - - -

B
o
=
B
—— - - -

)
L
o
T3]
L
=
~ ) S~
> 9004 [—— Rectangular| "~veee_ R
| | Seamelar e i
4 --=-=- Hat-shaped
B +—_
0.2 0.4 06 0.8 1.0 12
a (cm)
(b)

Fig. 5-9: Comparisons between different microstrip patch geometries at
f = 11.761GHz: (a) patch geometry schematics, and (b) corresponding TE-to-z reflec-
tion phase curves at normal incidence (8; = 0°). &, = 1.03 and z, = 0.3/7cm.
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z, = 0.317cm and varying a. The reflection phases of the hat-shaped and strip patches

extend into the unattainable phase range of the rectangular patch, similar to those in Chap-

ter 3.

Thus, in the single-layer microstrip reflectarray, the hat-shaped and strip patches can sub-
stitute rectangular patches at locations where the required reflection phase corrections
coincide with the unattainable phase ranges of the rectangular patches [85], as discussed
in Chapter 3. However, mutual coupling between patches of different geometrical shapes
are not accurately accounted, because of the infinite periodic array modelling utilized.
Comparisons for the best phase corrections between different patch geometries are tabu-

lated in Table 5-3.

To improve phase corrections of the patch array, rectangular, strip and hat-shaped patches
are implemented into the array as a combination patch array. Patch lengths forthe m = 6

column of the 4/ x 3/ -element rectangular and combination arrays are shown in Fig. S-

10(a).

5.2.5 Far-Field Radiation at Center Frequency

Assuming that the double line-source possesses adequate impedance band, the reflectar-
ray radiation patterns and spillover losses are affected by its feed. Furthermore, near-field

oscillations, due to the double line-source feed, are also included in the far-field computa-

tions.
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Fig. 5-10: Comparisons between rectangular and combination microstrip patch arrays
for offset-fed configurations with a double line-source feed, evaluated at
f = 11.761GHz: (a) patch lengths a, along the m = 6 columns of the arrays, and (b)
reflectarray H-plane (¢ = +90°) du'ecuve gain patterns D, . €,

= 103 z, = 0.317cm
and patch arrays are consist of 4/ X 3/ elements. The comblnatlon array is consist of

rectangular, strip and hat-shaped patches mentioned in Table 5-3.
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The reflectarray H-plane (¢ = +90°) directive gain patterns D_ at center frequency
g

f,=11.761GHz , for rectangular and combination patch arrays with a double line-

source feed, are illustrated in Fig. 5-10(b), where 6 >90° corresponds to ¢ = 90°, and

0 <-90° to ¢ = —90°. In the figure, both main beams are directed at = 6, = 25°

o
with approximately equal directivities D, . However, the side-lobe levels (SLL) at obser-
vation angles far from the main-lobes are improved in the combination patch array, at the

expense of slightly higher initial SLL, as compared to that of the rectangular case. These

observations reflect similarities to those for center-fed configurations in Chapter 3.

In general, because of the line-source feeds, differences in the reflectarray far-field radia-

tion patterns between rectanguiar and combination patch arrays are significant in the H-

plane (¢ = +90°), but are negligible in the E-plane (¢ = +0°). Additional reflectarray

radiation characteristics are tabulated in Table 5-4.
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Table 5-4: H-plane (¢ = 90°) radiation properties of offset-fed microstrip reflectarrays
with double line-source feeds, designed using rectangular, strip and hat-shaped patches
and illuminated by uniform line-source distributions, over a /0.2% frequency bandwidth.
The patch arrays are consist of 4/ x 3/ elements, and the ideal patch array for no phase

errorisat f = 11.761GHz.

Radiation Ideal Frequency, f (GHz)
Substrate case | properties | patch
array | 71.161 | 11.561 | 11.761 | 11.961 | 12.361
e, = 1.03 D, (dBi) 34.75 33.80 | 34.37 | 34.55 | 34.67 34.74
z=0.3170cm 0, 24.97°| 25.15°| 25.03°| 24.97°| 24.91°| 24.79°
(rectangular HPBW . o , .
patches only, | (¢ = 90°) | 4.0/ 4.24° | 4.11° | 4.03° | 3.96 3.86°
offset-fed with Max. SLL
z=26.279cm, | (o = 99°) | —16.56| —12.37| —15.17| ~16.24| —14.96| —12.8]
desired (dB)
0 = 25°and Loss in
o T directivity | 000 | 044 | 022 | 020 | 024 | o045
b = 0.45cm) (dB)
g = 103 D,(dBi) | 3475 { 3388 | 34.39 | 34.67 | 34.81 | 34.88
z =0.3170
a— O I27Tem o, 24.97° | 2507 | 24.90° | 24.89° | 24.83° | 24.71°
(combination
of rectangular, HPBW
strip andgﬁat_ @ = 90°) 4.01° | 4.30° | 4.12° | 4.01° | 3.95° | 3.85°
shaped patches
mentioned in | Max. SLL
Table $-3, off- (0 = 90°) | —16.56 | —12.22 | -15.28 | -16.51 | —15.23 | —12.64
set-fed with
(dB)
zf=26.279cm -
and desired L oss 1
| directivity | 99 | 036 | 020 | 008 | 0.10 | 031
8, = 25°) (dB)
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5.2.6 Wideband Performance

Reflectarray directive gain patterns over a 10.2% frequency bandwidth for the rectangu-
lar patch array, shown in Fig. 5-11(a), are compared with the array implemented using a
combination of rectangular, strip and hat-shaped patches, depicted in Fig. 5-11(b). For the

combination patch array, low SLL at observation angles far from the main-lobe are

observed over the /0.2% bandwidth.

Fig. 5-12(a) indicates a narrowband characteristic for the thin substrate center-fed config-

uration of Fig. 3-8(a) in Chapter 3, but a wideband characteristic for the offset-fed config-

uration of Fig. 5-11(a). The difference in ideal directivity D between the center- and

offset- fed configurations over the /0.2% bandwidth represents the difference in the
amount of power received from the feed (or power loss due to spillover) between the two

configurations.

Subsequently, Fig. 5-12(b) reveals a generally higher D, over the /0.2% bandwidth, for

the combination patch array due to its better phase corrections over the bandwidth. Fur-
ther confirmation is provided through Fig. 5-13, which illustrates a lower directivity loss

(due to minimal phase correction errors) for combination patch array.

In addition, the loss in D, due to phase correction errors, in Fig. 5-13, are relatively sym-
metrical about the center frequency f,=11.76/GHz , suggesting that phase corrections

deteriorate as the frequency is scanned away from f,. However, SLL for the combina-
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Fig. 5-11: Reflectarray H-plane (¢ = +90°) directive gain patterns D_ over a 10.2%
frequency bandwidth, for offset-fed microstrip reflectarrays with double line-source
feeds: (a) rectangular patch array, with a, = 0.974cm and b = 0.45¢cm, and (b) com-
bination patch array, consisting of rectangular, strip and hat-shaped patches mentioned

in Table 5-3. €, = 1.03, z, = 0.317cm, and the patch arrays are consist of 4/ x 3/
elements.
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Fig. 5-12: Comparisons of reflectarray directivities D, over a 10.2% frequency band-
width: (a) between the center-fed configuration of Fig. 3-8(a) and the offset-fed configu-
ration of Fig. 5-11(a), and (b) between rectangular, combination and ideal patch arrays
for offset-fed configurations with double line-source feeds and the same reflectarray
parameters as in Fig. 5-11. The patch arrays are consist of 4/ X 3/ elements, and the
ideal patch array has no phase correction error.
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tion patch array increases more rapidly with frequency, as compared to the rectangular

patch array. These behaviors are evident in Table 5-4.

From Table 3-4, Table 5-4 and Fig. 5-12, to within a 3.4% bandwidth around the center
frequency f, = 11.76/GHz , the rectangular patch array for the offset-fed configuration
yields lower D,, as compared to that of the thin substrate center-fed configuration of

Chapter 3. This is because, due to its large /D ratio, the spillover loss of the offset-fed
configuration is larger than that of the center-fed configuration, in spite of its more direc-

tive double line-source feed.

3.0 - i /
j \ /
-+~ Center-fed (Rectangular) 1
— --=*-- Offset-fed (Rectangular) I’
m 1 |--+- Offset-fed (Combination) /
= 20 - \ /
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7 10+ \ /
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o \\ I'
PJ "'"*---.. \ //, ‘ _»__u...-...*
. +-‘"“"::-"3'-':’-"-‘“-‘&:-:::;'!:"'""""‘"::'-_:;: .... *
0.0 y———r v ' | — —t— *.' ST :
10 15 120 125
f (GHz)

Fig. 5-13: Comparisons of reflectarray losses in directivity due to phase correction
errors, over a /0.2% frequency bandwidth, between the center-fed configuration of Fig.
3-8(a) and the offset-fed configurations of Fig. 5-11(a) and (b).
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However, for a larger bandwidth of /0.2%, the offset-fed configuration generates rela-
tively stable radiation characteristics over the bandwidth, because of its thick substrate

and large F/D ratio which decrease the reflectarray phase sensitivity. Variation in D, is

therefore smaller, and its SLL is also lower.

Table 5-4 also indicates that the beam squint effect on the main-lobe is constrained to

within +0.3° from the intended design specification of 8, = 25°, over the /0.2% band-

width, agreeing well with [39][40]. Hence, a relatively stable pencil-beam is generated

from the reflectarray over the bandwidth.

5.3 COSINE-PEDESTAL LINE-SOURCE DISTRIBUTION

Instead of a uniform distribution for the double line-source feed, the cosine-pedestal dis-
tribution with pedestal = —9dB, discussed in Chapter 4, is implemented for this reflec-
tarray. The primary purpose for using a tapered line-source distribution here is to further

improve the reflectarray spillover loss, as demonstrated in Fig. 5-14.

The cosine-pedestal distribution with pedestal = —9dB is selected over other tapered dis-
tributions of Chapter 4, due to its smaller near-field oscillations which permits better
phase corrections for a patch array that varies only in the y-direction. Furthermore, the

cosine-pedestal distribution is also simpler to compute.

Chapter 5: Offset-Fed Configuration - 149 - University of Manitoba



For the tapered line-source distribution reflectarray, the near-field due to the double line-

source feed is more concentrated towards the center of the patch array because of the dou-

ble line-source feed and its tapered distribution. Hence, as compared to that of the uni-

form distribution feeds, the spillover loss of the tapered distribution double line-source

feed is less affected by the frequency scan over the 10.2% bandwidth, for the given con-

stant feed size, as shown in Fig. 5-14.

As expected, reflectarray SLL in the 6 -plane, containing the main-lobe for 6, = 25°

(graphically defined in Fig. 5-15(a)), are improved, and HPBW is also increased, as illus-

15.00 -
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-+ Offset-fed (Uniform)
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Fig. 5-14: Comparisons of reflectarray spillover losses, over a /10.2% frequency band-
width, between the center-fed configuration of Fig. 3-8(a) and the offset-fed configura-
tion of Fig. 5-11(a), illuminated using uniform and cosine-pedestal line-source
distributions described in Section 4.6. For the cosine-pedestal distribution,

pedestal = —-9dB.
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Fig. 5-15: Reflectarray far-field radiation characteristics for the offset-fed configuration
of Fig. 5-11(a), illuminated using uniform and cosine-pedestal line-source distributions
described in Section 4.6: (a) directive gain D, patterns in the 6 -plane, and (b) directiv-
ities D, over a 10.2% frequency bandwidth. Pedestal = —9dB for the cosine-pedestal
distribution, and the ideal patch array has no phase correction error.
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trated in Fig. 5-15(a). Consequently, its D, is generally lower over the /0.2% bandwidth,

and its ideal counterpart is less sensitive to frequency (has a smaller gradient), as depicted

in Fig. 5-15 (b). These characteristics are also presented in Table 5-5.

Table 5-5: Properties of an offset-fed microstrip reflectarray with a double line-source
feed and a 4/ x 3/ -element rectangular patch array, and illuminated by a cosine-pedestal
(with pedestal = —9dB ) line-source distribution over a /0.2% frequency bandwidth.
g, = 103, 2,=0.3170cm, z,=26.279cm, 6, = 25°,a, = 0.974cm b = 0.45cm and
d, = 0.4979A , where A is the wavelength. Values in brackets represent those for the uni-

form distribution.

F
Properties requency, f (GHz)
11.161 11.561 | 11.761 11.961 | 12.361
D, (dBi) 33.83 34.33 34.47 34.55 34.56
8, 25.17° | 25.03° | 2497° | 24.91° | 24.79°
o 0 (4] o
HPBW 3.01 2.96 2.94 2.92 2.87°
(6, -plane) [ 263°1|[263°1|[260° 1| 258 1| 2.52° ]
Max. SLL (6, -plane) —1832 | —1871 | -18.93 | —19.18 | -19.57
(dB) [-13.11] | [-13.14] | [-13.21] | [-13.30] | [-13.41]
Loss in directivity (dB) 0.41 0.18 0.17 0.20 0.42
Patch array length along
the x-direction, 4/s, 19.067 19.750 20.092 20.433 21.117
(A)
Patch array length along
the y-direction, 3/s, 14.933 14.675 | 15.191 15450 | 15.708
(A)
Spillover 8.90 8.41 8.19 8.06 7.76
(percent) [13.47) | [12.13] | [11.56] | [11.14] | [10.36]
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5.4 CONCLUSION

For the offset-fed configuration, due to reduced phase correction errors, an off-broadside
main beam provides improved phase corrections over that of a broadside main beam, with

the feed blockage neglected. To minimize the phase correction errors for an off-broadside

beam, the main beam angle 8, is selected to equal the angle 6, of the specular reflection

in the yz-plane, at the center of the microstrip patch array. This also minimizes the beam

squint effect due to frequency scanning.

For the infinite periodic array modelling, patch length errors from the empirical formula-
tions of Chapter 4 for the patch array are proven to be minimal. Hence, these formulations
are employed to obtain a quick first-pass solution, prior to executing the more rigorous

infinite periodic array full wave analysis.

To significantly decrease the reflectarray spillover loss, a double line-source feed is imple-

mented, which also results in improved reflectarray directivity and SLL in the H-plane

(¢ = i—90°). With this feed, a thick substrate offset-fed configuration is utilized as a
design example, in addition to the thin substrate center-fed configuration of Chapter 3.
Their far-field radiation characteristics are compared to those of ideal patch array counter-
parts. Also, the array geometrical symmetry is utilized for enhancing computation speed

and efficiency of their far-field radiation calculations.
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The thin substrate center-fed configuration yields good narrowband radiation characteris-
tics, while the thick substrate offset-fed configuration is excellent for wideband applica-
tions. When implemented with the combination microstrip patch array consisting of
rectangular, strip and hat-shaped patches, the offset-fed configuration demonstrates
improvements in reflectarray far-field radiation characteristics over the microstrip rectan-

gular patch array. That is, it suffers less directivity loss due to phase correction errors, and

yields lower SLL in the H-plane (¢ = +90°). Thus, the hat-shaped patch geometry offers

excellent promises for improving the reflectarray far-field radiation performance.

The cosine-pedestal line-source distribution, with pedestal = —9dB, for the reflectarray
feed is used to further improve its spillover loss. Compared to the uniform line-source dis-
tribution, in both center-fed and offset-fed configurations, the cosine-pedestal distribution
yields the lowest reflectarray spillover loss, but generally, at the cost of decreased reflec-

tarray directivity. It also produces reduced SLL in the 6, -plane.
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6 Summary and Future Research

The infinite periodic array modelling was employed for the analysis of line-source-fed
single-layer microstrip reflectarrays. A software package, consisting of ARCOF and
EFEL codes, were developed for this study. Utilizing this software package, the effects of
patch geometries and substrate permittivity and thickness on the performance of micros-
trip reflectarrays were investigated. Two feed configurations and some design concepts

were also studied.

6.1 SUMMARY

Research contributions from this thesis are summarized as follow:

* A rigorous analysis of the unattainable phase range, inherent to infinite periodic arrays
of single-layer rectangular microstrip patches, was performed. Subsequently, a combi-
nation microstrip patch array consisting of rectangular/strip and hat-shaped patches

was proposed to rectify this problem.

*¢ The hat-shaped microstrip patch is a novel geometry in microstrip reflectarray designs,

and its reflection phase properties were investigated and discussed in detail. It offers
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promising future in microstrip reflectarray applications because of its complementary

reflection phase properties.

Numerically efficient empirical formulations for the TE-to-z reflection coefficient
phase was proposed. This is an important tool in the analysis of the reflectarray since it

requires negligible computation time and memory.

A rigorous phase error analysis for line-source-fed single-layer microstrip reflectar-

rays was performed, addressing the phase errors.

The formulation for reflectarray far-field radiation, due to a line-source feed, was

developed using the infinite periodic array and aperture field theories.

A rigorous phase analysis of the offset-fed configuration was performed, and a condi-
tion for minimum phase correction error was proposed, which is also the condition for

minimum beam squint effect.

The far-field radiation characteristics of line-source-fed single-layer microstrip reflec-
tarrays, for both center-fed and offset-fed configurations, were rigorously analyzed and

discussed.

Tapered line-source distributions were investigated for reducing reflectarray spillover
loss and SLL in the E-plane (¢ = 0°) of the center-fed configuration, or the 6, -plane

of the offset-fed configuration.

A software package, consisting of ARCOF and EFEL codes, was created for the analy-

sis of line-source-fed single-layer microstrip reflectarrays.
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6.2 FUTURE RESEARCH

Some recommendations for further research are:

* An implementation to refine the infinite periodic array modelling in terms of computa-

tional speed and efficiency, using improved numerical techniques in [57][58][63]-[71].

¢ A replacement of the co-linear dipole array feed with other antennas, such as a co-lin-

ear microstrip patch or slot array.

e An investigation into the feasibility of employing other patch geometries as array ele-
ments, or other array lattice geometries, to enhance the reflectarray bandwidth perfor-
mance, and to enable circularly-polarized or dual-band operation, as presented in

[11][29] [31]-[34] [73][103][104].

e An extension of analysis to include multilayer arrays, so as to enharice the reflectarray
bandwidth performance and to enable dual-band operation [34][73].
e An implementation of the triangular basis function expansion to model arbitrary geom-

etries [2][53].

e A development of electronic beam-scanning antennas using line-source-fed microstrip

reflectarrays.

Chapter 6: Summary and Future Research -157- University of Manitoba



A Equation Parameter
Definitions

A.1 PARAMETERS RELEVANT TO INTEGRAL EQUATION (2-10) OF
CHAPTER 2

Notations used in the derivation of the integral equation (2-10) are:

7 ?) = unknown current density on patch element (r € 4')

A' = area of patch element (thin perfectly conducting patch element of arbitrary
shape)

S.» S, = dimensions of rectangular cell along x- and y- directions, respectively

A = area of rectangular cell, s, s,

(8,, ¢;) = spherical coordinates in medium /

[ = 1, 2, 3 =index for layered media

m = [, 2 =index for transverse field modes (TM and TE modes, respectively)

p,q = 0,1, +2, ... =indices for Floquet modes along x- and y- directions, respec-

tively
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Coordinate vector of the point of observation is:

Po=xX+yyp

(A-D)

Transverse Floquet modal propagation unit vectors are:

) Py
k k
(N _ D () _ “Tre® TM .
Kipg = Xipg, T Xipq, = ;
kqu
)]
0 o o Kieet ni 00
K2pq = Kapq, ™ K2pq, = 10 ’
Tpq
where
0 _ 0 ) _ 2r,._ 2=m;.
I'qu - kqu, kquy krFp S XF9TY

Sx ¥

) _ D
kS = k070

T = 7O+ 7D = 5in6 (cos d & +sin¢ ) ;

KD = o, fug

For TM incident plane wave (A-2)

For TE incident plane wave (A-3)

(A-4)

(A-5)

sin@,# 0 (A-6)

(A-7)
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Floquet modal propagation constant is:

Ity , k02> kD %D 5 For propagating Floquet modes
Pq

re) = pa (A-8)
—jrY, kN2< KD -ED 5 For evanescent Floquet modes
rq Pq
where
n = n2_kD FD| = k02 _ g2 _ 2] -
) = JJeo2-xp kD | Jlk( kD2 k(T’:qy (A-9)
Floquet modal admittances are:
&S kD For TM incident pl (A-10)
= —_— or incident plane wave -
hq n(l)r;lq)
) _ T8 i
0, = TR For TE incident plane wave (A-11)
where
n®v = JE’ (A-12)
&
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Floquet modal reflection coefficients are:

ggq_gg)[iifgﬁi

n P4\ T+ RG)
R ,(,fp}q = '(';p)q ; For reflection due to dielectric sheet (A-19)

g+ 1 —Rpipg

pq mpq 1+ Rr(ri;p)q

(2) _¢@3)

_j2I2) i

RG). = M e/2T%d% ; For reflection due to boundary at z=—-z_, (A-15)
(2) +C(3) a
Sripg * Sripg

Equivalent Floquet modal admittance is:

(eq) N I_R%% (2)
C'mequl = Cmpq + 7+ R |>mpa (A-16)
mpq

A.2 PARAMETERS FOR ENTIRE-DOMAIN BASIS FUNCTION
EXPANSION OF CHAPTER 2, EQUATIONS (2-12)-(2-14)

Notations relevant to current modal expansion equations (2-12)-(2-14) are:

C,ey = unknown current modal coefficient

E,,,v,,v(fT) = modal basis vector

m' = [, 2 = index for transverse field modes (TM and TE modes, respectively)

n' = index for modal basis vectors, to be mapped as n' — (n,,n,)
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a, b = dimensions of rectangular patch element along x- and y- directions, respec-

tively

nn,ny,=2012,... ; n,#n, when n, =0

Entire-domain sinusoidal basis functions [49] are:

i el ¥) = sin ,n(g—é)]cos[nzn(i—é)] ; in the x-direction A-17)
h (x,y) = cos|n n(f—:’- sin| n,x X—l) ; inthe y-direction (A-18)
nn % Y ™a ™2 ME—3)|¢ y:

Normalization factor for entire-domain basis vectors (2-14) [49] is:

F, iy = —_— s (A-19)
where

g, = { I5 n=0 (A-20)
2; n21
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A.3 PARAMETERS FOR SUBDOMAIN BASIS FUNCTION
EXPANSION OF CHAPTER 2, EQUATIONS (2-16)-(2-17)

Notations relevant to current modal expansion equations (2-16)-(2-17) are:

¢y » ¢y =unknown current modal coefficients for x- and y- directions, respectively

ﬁ,,_-t (*r), };,,-V (?7) = modal basis vectors in the x- and y- directions, respectively
n'., n', =indices for modal basis vectors for x- and y- directions, respectively, to be

mapped as n'. — (n,n, x) and n'y — (n,,n,, y), respectively

n,n;,n, =0,x1,%2, ...

Similarly, subdomain roof-top basis functions [51] are:

hn[n.,x(x’ y) = An,+ 1/2(«\’)1-[,,_,(}’); in the x-direction (A—Zl)
Ryny(%¥) = I, (X)A,,+1,5(¥); inthe y-direction (A-22)
where

1 - Ix_-n_A-x-_' ; |x— IIAX[ < Ax
A, (x) = Ax (A-23)
0 ; elsewhere

I; |x—nAx|.<.%-x

IT,(x) = (A-24)

0 ; elsewhere
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B Simulation Software

A major effort has been primarily concentrated on developing a computer modelling soft-
ware package for the analysis and design of line-source-fed single-layer microstrip reflec-
tarrays. The software code is programmed in C language using the ANSI C standard, and

may be executed using Perl script.

Algorithms for patch segmentation schemes, types of basis functions employed and solu-
tion technique are based on formulations presented in this thesis. The software code is
constructed using register pointers and dynamic memory allocation functions, for faster
and more efficient code execution. Its program structure is also highly modularized for

future code upgrades and maintenance.

B.1 SIMULATION SOFTWARE FOR LINE-SOURCE-FED
MICROSTRIP REFLECTARRAYS

This section presents a brief description of some important aspects of this software pack-

age. A complete graphical description of this software is provided in Fig. B-1, for a line-

source-fed microstrip reflectarray with an M x N -element patch array.
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Codes for evaluating a micros-
trip reflectarray consisting of an
M x N -element patch array:

NEC: Public domain method of
moment (MoM) code for

Input thin wire geometries
(M files) ARCOF: Custom-built infinite
periodic array code
l EFEL: Custom-built postprocess-
. ] ing code for evaluating
Preprocessing NEC I far-field solutions
NEZ Data Output
(M files) (M files)
ARCOF Input
Main processing (Partial paral- | @ (M files)
lel processing)

YCSW Data Output
(M files) (M files)
P . Input
ostprocessing EFEL A (1 file)

EF Data Output
(2 files) (1 file)

Fig. B-1: General simulation outline for a line-source-fed single-layer microstrip reflec-
tarray consisting of an M x N -element patch array, i.e. with M dissimilar columns and
N dissimilar rows. "NEZ Data" is the line-source near-field data, "YCSW Data" is the
reflection coefficient and patch length data for an array column, and "EF Data” is the
reflectarray far-field radiation data. Input and output files contain input and other output
information, respectively.
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B.1.1 NEC: The Preprocessing Module

The preprocessing code, NEC, is a Method of Moment (MoM) code for thin wire geome-
tries, and is a well-known public domain software. It is employed for computing the near-
fields, due to a line-source consisting of a co-linear of half-wavelength dipoles that is
backed by a finite ground plane, at patch locations on the microstrip patch array. These

near-field data are written into the "NEZ Data" files, to be read by the ARCOF code.

B.1.2 ARCOF: The Main Processing Module

The main processing code, ARCOF, models a single-layer patch array using the infinite
periodic array technique. This code is implemented for single-layer array analysis, with or
without an infinite ground plane, and can be executed in two modes, i.e. infinite periodic
array mode, or line-source-fed reflectarray mode. Also, either the entire-domain or sub-

domain basis function expansion can be selected for use in the analysis.

In the infinite periodic array mode, ARCOF computes the array reflection coeflicient due
to either frequency, incident angle, substrate thickness or permittivity, basis function or
Floquet mode truncation, patch or cell dimension, depending on the choice selected in the
input file. This file contains patch array and incident angle specifications, basis function
and Floquet mode truncation parameters, a choice of basis function expansion, and opera-

tion frequency.
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However, in the line-source-fed reflectarray mode, the code computes reflection coeffi-
cients of patch elements along a specified column of the patch array. M input files, each

representing a column of an M x N -element patch array, are necessary. These input files
contain parameters specifying the array columns and rows to be evaluated, in addition to

the input information similar to the infinite periodic array mode.

Subsequently, M "YCSW Data" files are generated, containing reflection coefficient data,

together with M output files containing other output information, such as, type of process
run, matrix size utilized, CPU time and completion messages. The "YCSW Data” files are

to be read by the EFEL code in postprocessing.

Since ARCOF is implemented using C language and Perl script, partial parallel process-
ing, in combination with the traditional sequential processing, is viable for decreasing the
total computation time required. This is analogous to the Single Program Multiple Data
(SPMD) concept [105], but, it requires further modifications for a full SPMD implementa-

tion.

B.1.3 EFEL: The Postprocessing Module

The postprocessing code, EFEL, evaluates the reflectarray far-field radiation characteris-
tics, such as, directive gain pattern, directivity, loss in directivity and spillover loss, based

on values from the "YCSW Data” files generated by ARCOF. The code also evaluates the
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same far-field radiation characteristics for the corresponding ideal patch array for no

phase error.

The input file specifies frequency, observation angles for directive gain pattern, total
power radiated from feed (as computed from NEC), main beam angle, array columns and
rows to be evaluated, and array element separations. 2 "EF Data” files, containing direc-

tive gain patterns for the patch array and its ideal array counterpart, and an output file con-

taining reflectarray far-field radiation characteristics, are subsequently generated.

B.2 HARDWARE REQUIREMENT AND CPU TIME

An example of a typical computational performance for a single run of an offset-fed
microstrip reflectarray, having a 4/ x 3/ -element patch array (i.e. with 4/ dissimilar col-
umns and 3/ dissimilar rows), as performed on a typical Sun Ultra 10 workstation with

512MB RAM and Solaris 2.7 OS is given as:

e For ARCOF (using sequential processing only):

CPU time = 63.0hours, memory = /2.0MB and

minimum hard disk space requirement = 8.7MB.
o EFFEL:

CPU time = /9.3hours, memory < /.4MB and

minimum hard disk space requirement = 0.7MB.
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In this simulation example, there are 4/ input files, 4/ output files and 4/ "YCSW Data”

files for ARCOF, and [ input file, / output file and 2 "EF Data” files for EFEL. The
number of files, CPU time and memory requirements would be larger for a larger patch

array simulation.
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