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The analysis of scattering from an idhite periodic array of microstrip patches is used to 

s tud y line-source- fed single-layer microstrip reflectarrays. An application of these r e k -  

tarrays is in high-gain conformal antennas. 

Employing rectangular patch geometries in the modeiiing, reflection phase properties of 

the reflectarrays are ngorously 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 

characteristics. 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 empiricaI expression is formulateci for approximating the TE-to-z reflection coefficient 

phase with the incident angle. Also, for computing individual reflectarray far-field terms, 

simple syrnmetry 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 theix 

varying reflection and transmission properties with fiequency [LI. They are used as fie- 

quency-seiective 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 141, polarization gratings and diplexers (3][S]. Their 

analysis techniques are also employed in the design and investigation of microstrip reflec- 

tarrays . 

According to Berry et. al., a reflectarray incorporates many desirable features of reflector 

antemas and planar arrays [6]. Instead of a corporate feed line, a feed antenna is used to 

illuminate its conducting patch elernents, which are designed to scatter the incident field 

with an appropriate phase necessary to form a CO-phasal aperture plane in fiont 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 1 : 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 

etficiencies and high gains [7]. 

Fig. 1 - 1 : A microstrip reflectarray without the feed antenna. (Courtesy of C. B. 
Ravipati, D. Gray and L. Shafaï, n e  Universiîy of Manitoba, Canada.) 
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Several variations of microstrip reflectarrays have been designed and fabricated. It is 

believed that each of these different types of reflectarrays has its own ments over the 0th- 

ers. 

Among the most cornmon ones are the variable-stub-length reflectarrays 181-[IO], the 

variable-patch-size reflectarrays [7] and the variably-rotated-patch reflectarrays [Il]. 

These designs utilize prudent variations of geometrical parameters of individual array ele- 

ments for focussing the beam- 

Other classes of microstrip reflectarrays aiso exist. Namely, those that employ a lattice 

variation [ 121-1161, and those that combine both element geometry and lattice variations 

[ 1 71, to achieve the same purpose. 

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 cornputers, 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. Generaily, 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 füture directions. Also, since an idhite 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 171, and its comprehensive 

description was published by Berry et. al. a year later [6]. It utilizes a periodic array of 

elementary antennas (Le. elementary antennas configured into a penodic lattice) as the 

reflecting surface, and was experimentally demonstrated using perïodic arrays of rectan- 

gular waveguides. 

The reflectarray concept was introduced for performing bearn 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 [ 181, and 

was patented by Munson et. ai. in 1987 1191. In tbis 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 king 

investigated and improved by antenna researchers. 

- 
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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 Retlectarrays 

Presently, the term "reflectarray" is commonly referred to as planar reflectors. These 

antemas c m  be categonzed into periodic arrays or as quasi-penodic 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 penodic 

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 k t  published in the open Literature by Huang [22] and 

Metzler [2 11. Subsequently, Chang and Huang reported the fist microstrip reflectarray 
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fabricated using variable-stub-length patch elements, and verified their design through 

measurements 181. 

An infinite periodic array modelling technique was ernployed by Metzler in his analysis 

and design of a microstrip reflectarray operating at 5GHz , which was verified experimen- 

tally 12 11. 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 1231, and in CO-linear 

arrays of indented patches f241, and subsequently, by Javor et. al. in a 4 x 3 -element 

micro strip re flectarray for linear-phased, dual-polarized bearn, w it h added beam-switch- 

h g  capabilities 1251. 

A microstrip reflectarray with 1656 patch elements consisting of both straight and 90" 

bent stubs in rectangular lattice may was designed by Chang and Huang for duai-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 levek. 

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 dipoie 

lengths for reflection phase control, instead of varying stub lengths. Subsequently, Pozar 

and Metzier presented the fkst 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 5GHz by Targonski and Pozar [28]. Eventuaily, a fùll and concise literal discus- 

sion on the analysis and design of the variable-patch-length microstrip reflectarray was 

published by Pozar et. al. 171- Experïmental evaluation of four refiectarrays for millime- 

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

More rec entl y, crossed-dipoles micros trip re flectarrays were proposed b y Pozar and Tar- 

gonski for overlaying ont0 the solar panel of space vebicles, and performances of crossed- 

dipoles and square patches were compared 1291. 

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 et. al. emerged in the fonn 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 simulatoZ 

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

reflectarray with 6924 variably-rotated patch elements [ 1 1113 1][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 Refleetarrays 

Due to inherent narrowband characteristics of microstrip reflectarrays, and the high 

demand for dual-frequency antennas, stacked element con6igurations with dual-fiequency 

capabilities were proposed [33][34]. Wu et. al. presented nurnerically 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 refiectors 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 fiequency-scanned gratings) planar reflec- 

tors were performed by Johansson a decade ago 1121-[ 1 51. 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 illwninated, 

quasi-periodic, finite echelette gratings 13 51. Beam steering through fiequency 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 collirnation 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 duai-planar reflector construction was reported by Pozar et. al. in 1997, which 

was in the form of a 77GHz Cassegrain microstrip reflectarray [7]. A smdl hyperboloid 

subreflector was utilized in this design. 

Subsequently, a folded reflectarray was fabricated by Pilz and Menzel, and Menzel et. al., 

for operation at 2OGHz 1361-1381. In t h i s  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 1161. It 

was constructed using two blazed grating planar reflectors, and the concept o f  beam 

squint cancellation was employed in an attempt to decrease the frequency-dependent 

beam squint [39][40] problem. 

As there has been much research on microstrip reflectarrays, various analysis and design 

techniques have been introduced. The foîiowing 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 [2 1][30]. Here, the simulator is used to measwe 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 symmetricai along 

the x- and y- axes. in order to simulate penodic arrays with non-syrnmetric elements, an 

alternate symmetric element is employed, an example of which is discussed in [2 11. 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 [225 This technique is based on the Fraun- 

hofer aperture field integration on the projected aperture plane of the reflectaffay, and was 

also utilized by Chang and Huang 191. 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 [ 1 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 [2 11. In this technique, the unknown current distri- 

bution on a singIe conducting element in the array is first obtained. This requires rigorous 

computation effort as compared to the simpler fhite array approach discussed in 181-[l1] 

[22] [3 1 1 [3 21 [4 1][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 

fmt-order difiacted fields 1121-[15]. For multilayered microstrip reflectarray, on the other 
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tiand, the generalized scattering matrix for analyzing periodic structures may be utilized, 

as proposed by Encinar [34]. 

Furthermore, a Conjugate-Gradient - Fast-Fourier-Transfonn (CG-FFT) method for infi- 

nite periodic array analysis was employed in the analysis of a stubbed microstrip patch 

reflectarray by Zhuang et. al. [23][24]. This method enables a more efficient computation 

of stubbed patch arrays. 

Conducting patch elements, or aperture elements on a conducting screen, cm be manged 

such that they are periodic in two planar directions. These structures, generally known as 

doubly periodic gratings, or simply, bigratings [Ml, possess tiequency-selective surface 

(FSS) properties. Some grating geometries may also pssess circular-polarization-selec- 

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

1.4.1 Single-layer Analysis Techniques 

In the case of a single-layer inhite 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][50]. It is recently used successfully in designing fiequency-scanned planar 
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reflectors by Johansson 1121-[lS]. The periodic spectral dornain Green's fiinction 

approach has also been introduced [5  11-[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 The-Domain (FDTD) method using Floquet boundary conditions has 

been employed [59]-1621. The hybrid finite-element - bowidary-integral (FE-B 1) tech- 

niques are also implemented 1631-1681. Additional progress were achieved by Reed and 

Byrne on a modal analysis of multiple apertures within a periodic ce11 [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 

11. 

1.4.3 Multilayer Structures 

Several of the single-layer periodic structures rnay be cascaded together to form a multi- 

layer periodic structure, which has modified reflective and anguiar properties [72> How- 

ever, for an accurate predictions of these properties, the mutual coupling between the 

Iayers must be accounted for in the formulations 1721. The analysis thus becomes more 

complex. Furthemore, 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 irnproper design of the tiequency dependent lattice geometry of the array, 

(iii) the Merential spatial phase delay due to an extended path length between the 

feed and reflectarray [ t Olt4 11, and 

(iv) the inherent phase errors produced as a result of the changes in the patch 

dimensions which are required to collimate the beam 171. 

Furthemore, such restrictions on bandwidth can contnbute to the effects of undesired 

beam squinting [40] 1721 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 barn is relatively large. 
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In order to improve the bandwidth of these rdectarrays, multilayer microstrip patches are 

introduced [34][73]. But, multilayer configurations are costly and generally impractical, 

due to surface wave effects, at millimeter-wave fiequencies such as the Ka-bands. With 

single-layer microstrip reflectamays, thick substrates are utilized for bandwidth erihance- 

ments [7][74]. A thick substrate, however, has a large mattainable reflection phase range 

[7], which requires M e r  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 

simplifi the analysis and design procedures. To achieve this, parameters that govem the 

performance of the line-source- fed microstrip re flectarray are rigorously exarnined, and 

the physicaI design constraints of the reflectarray explicitly identified. 

1.5.3 Research Outline and Approach 

The infinite penodic array theory is utilized as a modelling tool [7] [27 1-1291 in t h i s  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 [SOI. The electric field 

integral equation (EFIE) based on the Floquet modal formulations, for scattering by an 

infinite penodic array of thin conductors on a dielectric sheet, is first derived. 
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Upon enforcing the proper boundary conditions, an eigenvalue eqliation is then obtained 

through the Galerkin's method of moment (MoM), where either the entire-domain sinuso- 

idal or subdomain roo f-top basis function expansion is employed. Subsequentl y, the 

unknown coefficients are determined numerically through solving a iinear matrix equa- 

tion. 

Since commercial softwares capable of such simulations are mavailable, customized soft- 

wares are built in-house. Very intensive computer programming is therefore perfonned for 

approximately 80% of the entire work. The complex computer code was built entirely by 

the author in the interval of 15 rnonths, and computing resourçes were spent on produc- 

ing an accurate, fùnctioning code known as ARCOF, from which the infinite periodic 

array analysis results were eventually published 1751-[78]. 

Subsequently, a comprehensive postprocessing code, EFEL, was developed to post-pro- 

cess data generated by ARCOF. Extensive time, in the interval of I O  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 pubiished 1791-[86]. 

The software package consists of ARCOF, a code for the infinite periodic array analysis, 

and EFEL, a code to pst-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: 

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 [SOI, and 

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

soidai and subdomain roof-top basis funçtions are examineci and compared. 

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 E, = 2.5 substrate and a thick foam 

(r , = 1-03 ) substrate. 

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 utilizeà for this discussion. 

Chapter 5: Offset-Fed ConFguration 

in this chapter, an offset-fed codïguration is proposed and evaluated, to 

enhance the far-field radiation performance of a Iine-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 distriïution effects investigated, 

Chapter 6: Summary and Future Research 

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

posa1 for füture research. 
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2 Infinite Periodic Patch Array 

To gain an insight into the scattering characteristics of an infinite penodic array of rectan- 

gular, perfectly conducting patches, an analysis on the scattering properties of the dini te  

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 bais  functions and number of the Floquet mode terms. 

This study also serves to veriîjr the accuracy and robustness of the cornputer code ARCOE 

developed for microstrip reflectarray simulations. A brief description of this code is pre- 

sented in Appendix B. 

In this analysis, the modal formulations involving the Floquet's Theorem 1501 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. Furthemore, they are infinitely thin and perfeçtly conducting. Ali 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 unifonnly. By exploiting the penodicity of the array, 

only a single periodic ceIl has to be analyzed [43]. Such an evaluation is carried out 

through the application of the Floquet's Theorem, whereby the munial coupling effects 

between individual elements are automatically accounted for 1431. The analysis presented 

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

20' is assumed. 

1 Thin conducting 
patch efement of 

Uniforrn incident plane 
wave (consisting of only 
a propagating first-order 
Floquet mode) 

Fig. 2-1 : Cross section of an infinite periodic patch array. Al1 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 c m  be assumed to coasist 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 descnbed in [SOI. That is, 

with the subscript T denoting the transverse component, rn being the index for the trans- 

verse modes (rn = 1, 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 l? and À fields in region 1 

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

and 

respectively. Here, Rk2d, is the first-order (O0 -th) Floquet modal, or specular, reflection 

coefticient due to a dieleetnc sheet of thickness z, at boundary z = O. The amplitude of 

the incident plane wave is denoted by Bg)  , the Floquet modal admittance for region 1 by 

( 1 )  
<,00, the transverse Floquet modal propagation vector and unit vector in region 1 by 

respectively, and the zîomponent of the Floquet modal propagation con- 
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stant in region 1 by I'ki). Detailed expressions of these parameters are provided in 

Appendix A, Section A. 1. However, in the presence of the conducting patches only, the 

fields due to the currents on these patches at z = O can be expressed as  [SOI: 

In region 1 for z 2 0, 

in region 3 for z 2 -z, , 
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and B,, are complex coefficients dependent on the currents Ss(pT)  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 = O ,  we have: 

i. At z = -2, , a partial reflection occurs in region 2. This is given as the continu- 

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

ii. At z = 0 , the continuity of tangential È in regions 1 and 2 exits outside the 

perfectly conducting patches, and this provides 

iii. At r = O ,  on the perfeftly conducting patches, namely on P = PT E A' , there 

is continuity of tangential Ef between regions 1 and 2. An expression for the 

induced current on the patches is 

Chcipter 2: Infinite Periodic Patch Amy University of Manitoba 



(b) For fields attriiuted 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 = O ,  we 

observe that the tangentid È vanishes on the perfectly conducting patches, i-e. where 

P = PT E A' , and gives 

From the boundary conditions (2-6) through (2-9), and ensuhg h m  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 thùi conductors on an infinite 

dielectric sheet as 

where 

and 

(2- 1 Ob) 
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with R ,  being the Floquet modal reflection coefficient in region 2 due to the bouudary 

at r = -z, , <$, king the Floquet modal admittance for region I ,  A being the ce11 area 

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

appended in Appendix A, Section A. 1. 

2.1.2 Solution 6 t h  Entire-Domain Basis Function Expansion 

To solve (2-lOa), the unknown curent density ? s ( ~ ' 7 )  is expanded using the entire- 

domain basis fimctions as 

where (P T) are entire-domain modal basis vectors and cmln. are their unknown modal 

coefficients. These parameters are defined in Appendix A, Section A.2. In order to numer- 

icaiiy solve for c,.,. , the Galerkin's Method of Moment [87] is employed. By substituthg 

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

where 
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is the orthogonal mode function associateci with the current density ?#",) . 

Using the index mapping n' + (nI,n2), the modal basis vector f i , t , . ( ~ , )  becornes 

hnrfnlti, (x, y) with the entire-domain basis vecton defineci as 1491 

where h,,,,,(x, y) and hn Jx, y) are the entire-domain sinusoidal basis functions in x- 
I 2- 

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

tions, respectively, and F, , is the nonnalization factor for the basis veçtors. Detailed 
1 2  

expressions of these bais  fùnctions and parameters are presented in Appendix A, Section 

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

gration. 

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

square ma&, in which its size is dependent on the number of modal tenns used. This 

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

rnethods available. 

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

specular, reflection coefficient is obtained as 

where E F ~ ~  and E") are first-order ( 00-th) Floquet modes of the incident and 
T(mm, 

reflected fields in region 1, respectively, and E") is the füst-order ( O 0  -th) Floquet 
T(m00, 

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

Using these derivations, a nurnencal 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 perfectiy 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 I R ~ $ ) I ,  with respect to parameters such as the fiequen- 

cies f ,  TE incident angles 8, number of basis function terms n,,, (x-directed) and 
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conducting patch 
element of area A' 

- Periodic ce11 of area A 

Fig. 2-2: Schematics of an infinite periodic patch amy in fiee-space: (a) top-view, and 
(b} coordinate system of a unifonn incident plane wave employed in the analysis. 
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n~rnax (y-directed), and number of Floquet mode terms p,, (x-directed) and q,, (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 verïfied through experimental data and fiom 

[48]) were reproduced. 

For this study, several penodic arrays having different patch aspect ratios, b/a, are snid- 

ied. A normal incidence TE-to-z (Le. $i = POO) plane wave is assumed. As such, the È 

vector is x-directed. In ail cases, a fked length of a = LOcm is utilized for the perfectly 

conducting patches. Also, each ceil size in the m y  is set constant at s, = s, = 2.Ocm. 

2.2.1 Resonant Patch Current and Reflection Coefficient 

Initially, the reflection coefficient  IR:=)^ is computed for a number of cases. They are 

compared with the existing data in the literature, to - M e r  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 a = LOcm and an x-polarized plane wave, a single 

patch is resonant at 15.00GHz, regardless of its aspect ratio. This also manifest in the 

infinite array, where the reflection coefficient becornes zero at 15.OOGHz. But, it peaks to 

about unity just before 15-OOGHz. This peak, however, is somewhat fiequency depen- 

dent, being at I3.11GHz for b/a = 1.00, decreasing to 12.45GHz for b/a = 0.50, and 

increasing again to 12.63GH.z for bla = 0.25 . Also, since the patch dimension a is con- 

Chapter 2: Infinite Periodic Patch Array - 29 - Univeni ty of Manitoba 



(ni = 7; 
Pm= = qmax = 10; 
s,= S.= 2.0 cm) 

Fig. 2-3: TE-to-z reflection coefficient due to fkequency, evaluated using the entire- 
domain basis function expansion, for different patch aspect ratios &/a. a = 1.Ocrn 
and incident plane wave at ei = 0' and ei = 90". 

stant, the number of basis fûnctions dong the x-direction is maintained at n ,,, = 7. But 

the number nz,, , along the y-direction, is reduced fiom 7 to O as the aspect ratio b/a 

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

at 10, i.e. p,, = q,, = 10. 

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

case of bla = 0.80 at f = f = 12.65GHz with parameters n ,,, = n2mu = 7 and 

- p,, - q ,  = 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, = I2.65GHz. TE-to-z 
plane wave at Oi = O0 and ei = 90". 

wave is x-polarized, the magnitude of the x-directed current distribution IJ,I assumes a 

sinusoidal curve along the x-axis. Along the y-mis, it is a U-shaped curve approximating 

the current singularity at the edges, as s h o w  in the figure. However, the y-directed cur- 

rent distribution (Jvl is negligible dong 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, = O and p ,  = q,, = 10. Since 
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Fig. 2-5: Current distribution of patches in fiee-space, evaluated using the entire-domain 
basis function expansion, for & / a  = 0.25 at f = f, = IL63GHz. TE-to-z plane 
wave at Cli = 0" and ei = 90". 

~z~~~ = O ,  the current distribution IJmr1 is constant along the y-mis, as is illustrated in 

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

Again, the cument distribution IJ,I is negligible dong both the axes. 

In Fig. 2-6, the variation of (~ fg ) (  with patch dimension b is plotted for different fie- 

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 b = 0.49cm, and moves to b = 1.31cm for 
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- f = 12.00 GHz ----- f = 12.63 GHz 
-.-.-.- f = 12.65 GHz 
-..-..-..- f = 13.06 GHz ---- f = 13.50 GHz + f = 14.00 GHz 
-e- f = 15.00 GHz 

(a = 1.0 cm; 
sx = g, = 2.0 cm; 

Fig. 2-6: TE-to-z reflection coefficient due to patch dimension 6 .  evaluated usine the - 
entire-domain basis function expansion for different frequencies f. Bi = o0 and 
Oi = 90". 

f = MOOGHz . These peaks also tend to become wideband. In this malysis, it should be 

pointed out,  that, the fixed modal  parameters a r e  n,,, = n2max = 7 and 

- - 
p,, q,, = 10. Since the modal parameter n,,, = n,,, = 7 is employed, the 

solutions are presumed to be well converged when b is close to 1.00cm, 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 ho are as tabulated in Table 2- 1. 
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Table 2- 1: Array dimensions in tems of wavelengths for TE-to-z incident plane wave 
with Bi = o0 and ei = 90°. The parameters with fixeci values are a = 1.Ocm and 

- S, - S, = 2.0cm. 

2.2.2 Convergence of Solution with Entire-Domain Basis Function 
Expansion 

~~~~~t 
,tio, 
b/a 

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

reflection coefficient I R ~ ~ ) I  for b/a = 0.8 and b/a = I.0 converged well for 

- - 
r1 / m a  IZilmax = 7, given that p,, = q,, = 10. For b/a = 0.8, the solution 

becomes converged fiom n ,,, = 3 to n ,,, = 9. For higher values of n ,,, , the solu- 

Resonance 
fiequency, 
f ,(GHz) 

tion diverges. This divergence behavior for larger n,,, is commonly known as the phe- 

nomenon of relative convergence (RC) [88]-[go]. As for the case of b/a = 1.0, the 

domain is from n ,, = 3 to nlmax = I 1 ,  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 
entire-domain basis function expansion for different patch aspect ratios b/a . Oi = oO, 
Qi = 90°, f = f o  = 12.63GHz for  b/a = 0.25, f = fo = i2.45GHz f o r  
b/a = 0.50, f = f, = 12.65GHz for  b/a = 0.80, f = f, = I3.11GHz fo r  
b / a  = 1.00, and a, = I-Ocm. 

From Fig. 2-7, the convergence domains for cases b/a = 0.25 and bla = 0.5 are both 

fiom '%IU = 3 to n l m ,  = II , respectively, given that p,, = q,, = 10. For bothof 

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 - q,, = 10 for dl cases of aspect ratio tested, as shown in Fig. 2-8. In this andy- 

SIS, q,, = 7 is h e d  for al1 cases. From the figure, the solutions converged well with 

- 
Pmax - qmax = 8 for al1 cases, with the exception of b/a = 1.0, in which the result is 

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

the quickest rate pnor to convergence, whereas, that for the case of bla = 1.0 improves 

the least. This implies that the case of b/a = 1-0 is more stable as compared to the rest. 

Fig. 2-8: Convergence of TE-to-z reflection coefficient due to Floquet modes p,, and 
q,, , evaluated using the entire-domain basis fbnction expansion for different patch 
aspect ratios b/a . 0, = oO, +i = 90°, f = f, = 12.63GHz for  b/a = 0.25, 
f = fo = 12.45GHz fo r  b / a  = 0.50, f = f, = 12.65GHz for  b/a = 0.80, 
f = f, = I3.11GHz forb/a = 1.00,and a, = 1.Ocm. 
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The nI , ,  convergence studies for b/a = 0.25 are shown in Fig. 2-9, where 

- p,, - q,, = 10 is held constant. in the figure, the domain for which the solution is 

converged, when nJrnax = O, ranges from n I ,  = 3 to nl , ,  = 10, after which the 

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

n , ,, is less sensitive to variation in nZmax - 

- ( P ~ ~ X  - = 10; bla = 0.25; 
s = , 3 3 1  cm: f = f )  

5.0 10.0 15.0 

max 

Fig. 2-9: Convergence of TE-to-z reflection coefficient due to n evaluated using 
the entire-domain basis function expansion for b / a  = 0.25. Oi = oO, $i = 90°, 
f = f, = 12.63GHz,anda0 = 1.Ocm. 
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The convergence of the Floquet modes are presented in Fig. 2-10. For b/a = 025, stable 

solutions are obtained with nl, ,  = 7 and n2,,,= = O ,  when p,, = q, 2 8. For 

larger values of n,,, , the convergence is not stable. 

For the next analysis, n,,, = 7 and p,, = q,, = I O  are fïxed. From Fig. 2- 1 1, the 

magnitudes of reflection coefficient ( R ! $ ~ ) I  for al1 cases are approximately unity for near 

normal (Le. for 0 < 5.0") incidences. For other incident angles, results are dependent on 

the aspect ratio b/a . 

Fig. 2- 10: Convergence of TE-to-z reflection coefficient due to Floquet modes p,, and 
q,, , evaluated using the entire-domain basis function expansion for & / a  = 0.25. 
Bi = O*, ei = 90°, f = f, = 12*63GHz, and a, = I.Ocm. 

Chapter 2: Infinite Periodic Patch Amy -38 - University of Manitoba 



30.0 i 60.0 90.0 
0 (degrees ) 

Fig. 2- 1 1: TE-to-z refiection coefficient due to incident angle Bi, evaluated using the 
entire-domain basis function expansion for different patch aspect ratios b / a  . ei = 90°, 
f = f, = iL63GHz for  b / a  = 0.25, f = f, = I2.45GHz for b/a = 0.50, 
f = f, = i2.65GHz for b / a  = 0.80, f = fo = I3.11GHz for b/o = 1.00, and 
a, = I.Ocm. 

To verify the nul1 in Fig. 2- 1 1, the convergence analysis of Fig. 2- 12 is plotted for the 

patch aspect ratio bla = 0.8, with a TE-to-z incidence angle Bi = 10.6O. Two cases are 

- illustrated: The first being n,, - nzm,, and the next being n lm, = 7, with the h e d  

modal parameter being p,, = q,, = IO. The magnitude reflection coefficient 

1 R ~ ) I  is 0.01 and is relatively constant h m  n,, = 3 through nz,, = IO for both 

cases. This smail value is consistent with the nul1 at 8 = 10.66" for b/a = 0.8 shown in 

- -- 
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n1 max = n2 max 
n1,,=7 

= 10; Wa = 0.8; 
cm; f = g )  

Fig. 2- 12: Convergence of  TE-to-z reflection coefficient due to n2mar, waluated using 
the entire-domain basis fùnction expansion for b/a = 0.80 at reflection coefficient 
d l .  Bi = 10.60, Qî = 90°, f = f, = 12.65GHz anda, = I.Ocm. 

Fig. 2- 1 1. For larger n2,, , the solutions become divergent due to the onset of the RC 

phenornenon. Here, the former has the worst divergence of the two. For the Floquet modal 

sweep for this case, the solution achieved stability at p ,  = q,, = 9 for which the 

solution R2, = 0.01 is relatively constant. That is, this relatively small value also I (200)1 
indicates a nul1 occurrence at  that incidence angle. 
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In the numencal modelling of these idbite periodic patch arrays using modal formula- 

tions involving the Floquet's Theorem, the subdomain basis functions c m  easily be uti- 

lized for complex geometries, but may require large number of tems to represent the 

current distribution on the patch surface. Entire-domain basis fùnctions, on the other 

hand, are more suitable for simple patch geometries, and require srnaller number of tems 

to converge. 

Numerical convergences of the subdomain roof-top basis functions are compared with 

those of the entire-domain sinusoidal basis fùnctions in this investigation. Particularly, 

current distributions and various reflection properties obtained through these basis fwic- 

tions are studied. 

2.3.1 Subdomain Basis Function Expansion 

For the subdornain basis function expansion., the uabiown current densities &(P~) of (2- 

1 Oa) and (2- 1 1) are expanded into the modal expression 
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where h,; (PT) and fi,; (PT) are subdomain modal basis vectors in the x- and y- direc- 

tions, respectively, and, en. and cn. are unknown modal coefficients to be solved, for 
1 Y 

currents in the x- and y- directions, respectively. 

The eigenvalue equations for x- and y- components, using the subdomain basis hction 

expansion, are 

and 

respect ively, where 

and 
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are their correspondhg orthogonal mode functions associated with the current deasity 

?s(?' T) > respectively. 

Using the index mapping nk + (n ,,nz, X) and nb + (nr,nr, y), the modal basis vectors 

fi,; (PT) and in:- (PT) become h, , ,(x, y)  P and hnln2Jx, y) j, respectively- The scalar 
1 2  

îunctions h, l,2,(x, y) and h, (x, y) are subdomain roof-top basis fuactions in the x- 
1 2Y 

and y- directions, respectively [5 11, and are defined in Appendix A, Section A.3. 

In addition, because of the roof-top basis functions, (2- 17c) and (2- 17d) are evaluated by 

closed-form integrations. The first-order (00 -th) Floquet modal reflection coefficient is 

easily determined fiom (2- 15). 

2.3.2 Cornparisons Between Subdomain and Entire-Domain Basis 
Functions 

A normal incidence (8, = O" ) TE-to-z plane wave at ei = 90" is again assumed, where 

È is x-polarized, as in Section 2.2. For the conductive patch in fiee-space, its Iength is 

again fixed as a = l.Ocm, with a constant ceii size of s, = s, = LOcm , while its width 

b is varied. 
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To obtain a converged solution using the subdomain basis funçtion expansion for aspect 

ratio b/a = 0.8, at fiequency f = 13.26GHz, optimal truncations of basis hct ion and 

Floquet mode terms are determined. That is, nlm, = 3 and n2,, = 2 for the basis 

function tenns, and p,, = 10 and q, = 9 for the Floquet mode terms. This requires 

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

Although the solution has converged, the patch current distribution dong 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 b a i s  function tenns, and 

p,, = 14 and q,, = 19 for the Floquet mode terms, the distribution appears 

srnoother, as in Fig. 2-13(b)- This involves a total of 178 basis b c t i o n  terms and 1131 

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

The TE-to-z reflection coefficient magnitude 1 RYE'I due to fiequency, corresponding to 

Fig . 2-4 and Fig. 2- 1 3 (a), is illustrated in Fig. 2- 14(a). This figure indicates that the reso- 

nance frequency f x  the subdomain basis fùnction expansion is f, = 13.24GHz, agree- 

ing well with the penodic spectral Green's function technique in [56], for the same free- 

standing array geometry. That for the entire-domain basis bc t i on  expansion in the figure 

is f, = l2.78GHz. The percentage difference for these frequencies is 1.77%. To 

improved this, additional basis tùnçtions for representing edge-cument effects may be 

incorporated into the entire-domain basis function expansion formulation. 

- - 
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(ntmu=3; +-=2; 
&=Le -9: . = 1.0 cm%~o.s em; 
% = s, = 2.0 cm; f = 13.26 GHz) 

(n,,,=5; 
h= 14; - 19; 

= 1.0 e i n k ~ 0 - 8  cm: 
q = = 2.0 cm; f = 13.26 GHz) 

Fig. 2- 13: Current distributions of patches in fke-space, evaluated using the subdomain 
- basis function expansion, for aspect ratio b / a  = 0.8: (a) n,,, - 3 ,  nZrnax = 2 ,  

- p,, - IO and q, = 9,  and (b )  n , ,  = 5 ,  n,,, 4 ,  p,, = 14 and 
q,, = 19. TE-to-z plane wave at Bi = 0' and qi = 90" . 
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Fig. 2- 14: Cornparisons of TE-to-z reflection coefficients due to frequency, evaluated 
using entire-domain and subdomain basis function expansions: (a) aspect ratio 
b/o = 0.8, and (b) aspect ratio & / a  = 0.2. a = f.Ocm, s, = s, = 2.0cm. Bi = 0' 
and $i = 90". 

----- Entire domain sinusoïdal 
(n,,=5;%-=4; 

*=" 9=" Su omam roo top 
CnLmu=3;%-=2; 
p - = l O ,  q,=9) 

(b/a=O.80;s,=e,= 2.0cm) 
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The patch curent distribution for aspect ratio b/a = 0.2, evaluated using the subdomain 

basis function expansion at fiequency f = I2.85GHz , is depicted in Fig. 2-15. For its 

(nt-= 3; %mar = 0; 
& = 10; %ml= 6; 
a = 1.0 cm. - 02 cm- 
g = s,, = 2.0 cm; f = 12.85 GHz 

Fig. 2- 15: Current distribution of patches in fiee-space, evaluated using the subdomain 
basis function expansion, for aspect ratio b/a = 0.2. TE-to-z plane wave at Bi = 0" 
and ei = 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 fùnction expansion, is f, = 12.74GHz. The percentage difference for 

these fiequencies is 0.20%. 
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In Fig. 2-16, for aspect ratio b/o = 0.8 with the specified tnuications shown, the range 

(20'3 where  IR^^ ( is well converged runs from n,,, = 2 to nI,, = 5, and from 

- nZ,, - I to nz,, = 4  . For aspect ratio b / a  = 0.2, the rage  is smailer, that is, fiom 

- 
n ~ m a x  - 2 to n = 4 ,  since the cross-polarized current component 3, is negligibly 

small. 

(200) Fig. 2-1 7 illustrates the convergences of  IR^, 1 due to p,, and q,, , evaluated using 

the subdomain basis function expansion, for aspect ratios b / a  = 0.8 and b / a  = 0.2. 

Fig. 2- 16: Convergence of TE-to-z reflection coefficient due to n , , and n,,, , evalu- 
ated using the subdomain basis hc t ion  expansion for different patch aspect ratios b / a  . 
Bi = oO,  Qi = 90°, f = f, = 12.79GHz for b / o  = 0.2, f = fo = 13.24GHz for 
b/a = 0.80, and a, = 1.Ocm. 
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Fig. 2 
q m a ~  
ratio 

p- for Va 
(n, = 3; 

v a  
(n, = 3; 
p-%r wa 
(n, =3; 

q-7% Mi3 
(n, , = 3; 

(SuMomain roof-top basis hctions; 
g=s ,=2.0cm;f=g)  

1 I 

- 17: Convergence of TE-to-z reflection coefficient due to Floquet modes p,, and 
evaluated ushg  the subdomain basis h c t i o n  expansion for different patch aspect 

O s b/a. Oi = oO, @i = 90 , f = f, = 12.79GHz for  b / a  = 0.2, 
f = f, = 13.24GHz for b / a  = 0.80, and a, = 1.Ocm. 

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

ratios. 

These convergence results of Fig. 2- 16 and Fig. 2- 17 verifjr that I R $ ~ ) I  is well convergeci 

for the specified n,,, , nzmax, p,, and q,, employed in the evaluations of patch cur- 

rent distributions of Fig. 2- 13. 
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In general, given a fixed Floquet mode truncations p ,  and q,,, ( R F ~ ' I  decays as 

n ,,, exceeds a certain cntical value. A similar behavior is also observed for n2,. This 

is the phenornenon of relative convergence (RC) 1881-[go], which has also been obsewed 

in results of Section 2.2.2. 

For 1 RE?)~ due to incident angle O,, 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 nul1 occurs at 0, = 7.6', agreeing well[56]. For the entire- 

--9 .:, 
0 

? '  (nl,=5;%,=4; - !\  
I 

1:  
J 

*=IO; *=a' i ,r 
! 1 ---- Su o r n a m m  top 

i r 
t l 0 # 

! : (nlmar=3;%,,=2; 
i8' 
I 0 

1 1  p 
! p,,=lO; e,=9, 0 I  -8. ! \  
! 1 
! 8  
! 1 1  1 (b/a=0.80;s,=s,=2.0cm;f=g) 
i ' 
i :  - i ; 
!, '  

/ 
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i! I I  
i! l 1 

? :; 
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Fig. 2-1 8: TE-to-z reflection coefficient due to incident mgle Bi, evaluated using the 
entire-domain and subdomain basis function expansions for patch aspect ratio 
b / a  = 0.80. $i = 90°, f = f, = 12.65GHz for the entire-domain basis fùnction 
expansion, f = f, = 13.24GHz for the subdomain basis function expansion, and 
a, = LOcrn. 
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domain case, with f, = 12.78GH2, the nuii occurs at Oi = 9.9" . This discrepancy may 

be attributed to the sarne patch king evaluated at two distinct fiequencies. 

Fig. 2- 1 9 illustrates the schematics for the infinite periodic array modelling of microstrip 

patches. For this application, the Floquet modal reflection coefficient Rk2q of (2-lob), for 

both the TM- and TE- to-z cases, is provided as [9 1][92] 

To solve (2-1Oa) for this case, the unknown current density SS(pfr) is expanded into 

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

expansion. 

Uniform incident plane 
wave (consisting of only 
a propagating first-order 
Floquet mode) 

z = O  

z = -Za 

patch element of 
arbitrary shape 
of area A' ~ 7 

1 Ground plane 1 

Fig. 2- 19: Cross section of an uifinite periodic array of microstrip patches.Al1 media, 
except for the patch elements, are isotropie, homogeneous dielectric materials with 
zero-conductivity. 
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For evaluating more complex patch geometries, a subsectional patch segmentation 

scheme 1931 is implemented into the cornputer code ARCOF, dong with the subdomain 

roof-top basis fiuiction formulations. The Galerkio's Method of Moment [87] is utilized 

for the numerical evaiuation of unknown modal coefficients, from which the kt-order 

(O0 -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. 

in this analysis, numerous reflection properties of an infinite periodic array of rectangular 

patches in fiee space is investigated using the Floquet modal analysis technique, formu- 

lated with entire-domain and subdomain basis fimction expansions. Furthermore, an 

extension of this technique to microstrip patch m y s  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 obsewed when the number of basis function employed 

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

Fn general, the patch current distribution is more sensitive to modal tnuications, whereas, 

the reflection coefficient magnitude is less sensitive to such tnuications. The patch current 

distribution also is more sensitive to basis fùnction tmcations, than to Floquet mode t u -  
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cations. The sensitivity is generdy higher for cross polarization (y-directed cwent) corn- 

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 

emp loyrd to study line-source-fed single-layer microstrip refiectarrays [84 1 [85]. Utilizing 

rectangular patch geometnes in the modelling, the reflection phase properties of the 

reflectarray are rigorously examined. Important parameters, such as, patch length, and 

substrate perrnittivity and thickness, are investigated- Included in the study are the effécts 

of unattainable reflection phase on phase correction errors and radiation characteristics. 

Multiple patch geometries, impiemented 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 t w  issues are investigated in this chapter 

through numerical modelling, using two diEerent substrates, namely, a thin E, = 2.5 sub- 

strate and a thick foam ( E ,  = 1.03) substrate. This iacludes 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 

charactenstics can be investigated accurately. 

In a conventional reflectarray fed by a point source and having an adequately large "foçai" 

length F, the incident wave fiom the feed approximates a unifonn plane wave. Thus, as a 

first approximation, the analysis for scattering from an inhi te  periodic array of single- 

layer microstrip patches may be employed as a rnodelling tool[7]. An analysis similar to 

those in [2][9 11, 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 unifonn array of microstrip patches at an angle Bi = Bmn, where 

Bi is the plane wave incident angle, and O,, is the subtended angle fiom the feed to the 

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

3.1.1 Line-Source-Fed Design 

In a reflectmay 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 

cylindncal wave. The reflectarray must thetefore be placed in the near-field (Fresnel) zone 

of the line-source. That is, referring to Fig. 3- t and Fig. 3-2, no variation in ampIitude and 

phase occurs along the x-axis, which is the he-source a i s .  Variations occur only in the 

(m,n)-th microstrip 

4 

Fig. 3- 1: Front view schematics of a line-source-fed rnicrostrip reflectarray with an x- 
polarized field fiom the he-source. The patch array is consist of single-layer rectangu- 
Iar microstrip patches, and 0, = Oi for the infinite periodic array simulations. 
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transverse direction, which is the yz-plane, and are govemed by the asymptotic form o f  

the cylindrical Hankel fiinction of zero order. The phase variation is that of a two-dimen- 

sional plane wave, dependhg on the y and z variables. Furthemore, the amplitude decay 

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

Ground 

Fig. 3-2: Cross-section schematic of a line-source-fed single-layer microstrip reflectarray 
with an x-polarized È field f?om the he-source. 0, = ei 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 Yc at a projected aperture plane in h n t  of it, which is stated as 

where, with reference to Fig. 3-1 and Fig. 3-2, is the phase delay due to the extension 

of the path length Ln, fiom the feed position z = 2,- on the z-axis to the n -th patch on an 

amty column, vR is the reflection coefficient phase of the pertaining n -th patch, and Bo 

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

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

3.1.3 Field Formulation 

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

srnall, a scalar rectangular component (either x-, y- or z- component) of the fat-field È at 

an observation point P(r, O,@) for the reflectarray is derived fiom the aperture field for- 

mulations of [94] as 

where 
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for an Mx N-element patch anay, 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. Rn, is the reflection coefficient, 

corresponding to the È field component, of the n -th patch along each columa, which is 

approximated through the ùi6uiite periodic array modelhg similar to [2][9 11. E,! camp is 

the corresponding scalar component of the l!? field feed illumination of the (m,  n )  -th 

patch, yrm,(8, @) is the phase of the planar array factor for the patch array to reflect a 

broadside beam, Po is as defîned in (3-19), k, is the k - 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 (3-2 l), -yi and vR of (3-19) are the phases of E(") and 
mn, comp 

Rn, respectively. 

The far-field radiation patterns of the reflectarray are obtained through a rectangular-to- 

spherical coordinate transformation of (NO), as 

L -sine cos @ J 
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where EY and are spherical components of the reflectarray far-field, while ,$=), 

E ( ~ ~ )  and Eo are rectangular components evaiuated fiom (3-20). The directive gain, Dg,  
Y * 

and the HPBW, are then easily computed fiom (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 synunetry. This enhances computation 

speed and efficiency. 

So, with reference to (3-2 l), 

where yJ0, @) and y,(€), 9) are phases of the planar array factor in the x- and y- direc- 

tions, respectively, for a broadside beam. Then, (3-2 1) is simplifieci to 

E ( ~ P )  
MN, comp 

where 

In [ ~cos[iy,(e,  ; for n = I ,  2,3, ... 
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and 

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

ation analysis- 

For the purpose of this study, the line-source is assumed to possess adequate frequency 

band, so that the bandwidth characteristics of the reflectmay is not affected by its feed. 

However, its size, being constant, inûuences its radiation pattern, 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-lïnear may  is d, = 2.16cm (i.e. d, = 0.8481 at fiequency 

f = 11.761 GHz ). The feed is centered at location (x, y, z) = (0, O, 15)cm, parallel to 

the x-axis illustrated in Fig. 3-1 and Fig. 3-2. Here, z = zf = l5cm is assumed to be the 

"focal" length F of the reflectmy. For the sake of simplicity, however, no feed blockage 

is included in the analysis. 
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The patch array is symmetricaiiy centered at the origin on the xy-plane shown in F i g  3- 1. 

It consists of a 41 x 31 -element array of single-layer rectangular microstrip patches- The 

patch widths and element separations are fïxed as b = O. 7Zcm and s, = s, = L25cm, 

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, ai i  41 columns 

are identical. 

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

F / D  ratio is 0.375. 

3.2.1 General Simulation Parameters 

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

wave is assumed. An incident angle Bi = 8, is also assumed, where Bi and 0, are sche- 

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. 5A0 , where A, is the free space wave- 

length. 

Two arrays are designed using single-layer rectanguiar microstrip patches on two diffèrent 

substrates, namely, a thin E, = 2.5 substrate with a thickness of z, = 0.0798cm, and a 

thick foam substrate (E, = 1.03) with a thickness of z, = O.Scm. Appropriate patch 

lengths are selected for a given incident angle 0, = O,, such that a constant phase Y, is 
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achieved, satisQing (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 

W R n  is achieved [7]. The resulting corrected patch length is a,. The length deviation 

fkom the resonant length, designated as 6 = a - a,, is employed as a normalized resonant 

patch length deviation 6/a0 . 

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

fo = 11.761GHz for t he  thin subst ra te  (e, = 2.5 and z, = 0.0798cm) is  

a, = 0.75cm. For the thick substrate (E, = 1.03 and z, = 0.5cm), it is a, = 1.08cm. 

The array dimensional parameters for these substrates are s m a r i z e d  in Table 3- 1. 

Table 3- 1 : Infinite periodic array dimensional parameters for two selected substrates, with 
fo = 11.761GHz, k, = 2.5508cm and Xd = xh, /& - 

- - -  . - 
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Substrate case 

E, = 2.5 

(1, = 1.6133cm) 

E, = 1-03 

(kd  = 2.5134cm) 

- . . . - - - 
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za (cm) 

O. 0798 

0.5000 

za/kd 

0.0495 

0.1989 

a, (cm) 

0.75 

1.08 

ao/hd 

0-4649 

0.4297 

s, (cm) 

1.25 

1.25 

s/& 

0.7748 

0.4973 
I 



3.2.2 Reflection Phase Cuwes 

For both thin and thick substrates, through the iiifinite penodic array analysis, Fig. 3-3 

indicates that their TE-to-z reflection coefficient phases yt, increase with increasïng inci- 

dent angle Bi. From Fig. 3-3(a), yr, 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 compareci to that for the case of 

the thick substrate, depicted in Fig, 3-3@). For the latter case, the patch length c m  be 

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

ce11 size s, = 1.25crn. 

In designing a microstrip refiectarray, the norrnalized resonant patch length deviation 

W a ,  may be obtained directly from Fig. 3-3, from which the required patch length a, 

can be detennined. 

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 srnail incident angles Bi, the phase curves of Fig. 3- 

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

As such, the rest of the phase range remains mattainable at these small angles. 

. - - -- 
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-300.0 0.0 300.0 
6/a,  ( c m )  (x10-~) 

Fig. 3-3: TE-to-z refiection phase curves due to patch length and incident angle, for rect- 
angular microstrip patch at f = 21.76IGHz: (a) E, = 2.5, z, = 0.0798cm and 
a, = 0.75cm, and (b) E, = 1.03, z, = OScm and a, = 1.08cm. b = 0.75cm for 
both cases. 
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The physicai sizes of the microstrip patches, for the purpose of this study, are limited to 

the dimensions 0.3crn I a 5 1.2cm, for botb thin and thick substrates. By selecting &/a, 

values at both ends of the curves in Fig. 3-3(a), i.e. at a = 0.3cm and a = LZcm, the 

phase curves are replotted as a fbnction of incident angle O,, defining the unattainable 

reflection phase range in Fig. 3-4(a). Similady, 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 mat- 

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

est patch lengths utilized. Fig. 3-3 and Fig. 3-4 also indicate that yR for very small 6/a0 

generally lags that for which S/ao is very large. 

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

reflection phase gap, is denoted by AyrR . 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%, , which represents the eleçtrïcal path length 

due to substrate thiclmess, where l?') = ko casei,  and k, is the propagation constant in 

free space. 

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

tivity. Moreover, the patch size for each of these thick substrates is practicaily restricted 

by the available space within the unit ce11 of the array, thus, limiting its attainable reflec- 

tion phase range. 
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6 1 a = 0.6 ( k i n g  the largcd ) 
6 ! a: = -0.6 ( being ihe miallest ) 

6/a,= 0.108 (bcinghelargcst) 
6 / a, = 4.723 ( being the smallcst ) 

,/' 

For 8, = 0" 

Fig. 3-4: Unattainable phase ranges due to incident angle, for rectangular microstrip 
patches at f = 11.761 GHz, and their corresponding phase diagrams: (a) E, = 2.5, 
za = 0.0798cm and a, = O.75cm, and (b)  E, = 1.03, za = O.5cm and 
a,  = 1.08cm. b = O. 75cm for both cases. 
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0.0 30.0 60.0 90.0 
0, ( degrees ) 

0.0 30.0 60.0 90.0 
9, (degrees) 

Fig.  3-5: Comparisons o f  the reflection phase gaps for various substrates at 
f = II. 761GHz, for rectangular microstrip patch: (a) between two different substrate 
permittivities, and (b) between two di fferent substrate thicknesses. The last two curves 
are evaluated fiom 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 tbickness, and increasing substrate permittivity. Conse- 

quently, its bandwidth is also decreased. 

It should be noted, that, with the exception of  the E, = 2.5 substrate, where 

z, = O.O798cm, the reflection phase curves for ail the cases shown in Fig. 3-5 are shifted 

towards either side of the 6 / a ,  = O 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. 

The problem of phase errors is a primary concem 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) fiequency scanning within the requîred 

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

that ïncrease with uicreasing subtended angle 8, 1831. 
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0, = ûi ( degrees ) 

(a) 

0.0 20.0 40.0 

0, = ûi ( degrees ) 

Fig. 3-6: Phase delays yi and achieved phases vRn, evaluated at f = II. 761 GHz, at 
respective patch locations in a column, for rectangular microstrip patches: (a) for thin 
substrate, with E, = 2.5 and z, = 0.0798cm, and (b) for thick substrate, with 
E, = 1.03 and z, = O.Scm. b = 0.75cm for ail cases. 
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3.3.1 Phase Correction Errors 

Fig. 3-6 (a) and (b) compares the required reflectarray phase correction v, = vi, where 

vi is as previously defined for (3- lg), with the achieved p hase W R n ,  for the thh and thick 

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

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

length a, is obtainable f?om Fig. 3-7, Le. through a, = a,( I + 6 , /a , ) .  

Table 3-2: A sarnple of corrected patch lengths (for rectangular patches only), a,, and 
their corresponding phases, W R n ,  achieved at their respective patch locations within a 
colurnn. v, is the required phase correction, IAW,.~ = 1vR, - vn 1 is the phase 
correction error and f = II. 761GHz. 

E, = 2.5 with E, = 1.03 with 
n -th patch 
(0, = 
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The phase correction enors for the thick substrate, shown in both Fig. 3-6(b) and Table 3- 

2, are particularly large at subtended angles 0, = 26.57O, 30.26', 39.81 and 47-29" . At 

each of these discrete patch locations, v, = wi falls withia the unattainable reflection 

phase range of Fig. 3-4@). 

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

discrete locations lies within its correspondhg 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 mostiy near-resonant patches. 

Fig. 3-7: Normalized resonant patch length dewiations 6,,/a, for both thin and thick sub- 
strates, evaluated at f = II. 761GHz, at respective patch locations in a column, for rect- 
angular microstrip patches. b = 0.75cm for al1 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 41 x 31 -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 fiom feed, l e s  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 fiequency. 

Table 3-3: Patch array dimensions for 41 x 32 elements, ideal directivities without phase 
correction enors, and reflectarray spillover losses, over a 10.2% fiequency bandwidth for 
a constant feed size. 
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Patch array dimen- 
sion along the x- 
direction, 41s, 

(1) 
Patch array dimen- 
sion a1ong the y- 
direction, 3 1 s,, 

(A 1 
Ideal Do 

(dBi ) 
Spillover loss 

(percent) 

Frequency, f (GHz) 

11.161 

19.067 

14.933 

34.76 

12.58 

11-561 

19.750 

14.675 

35. 12 

1 O. 99 

11.761 

20.092 

15.191 

35.28 

10.41 

11.961 

20.433 

15.450 

35.43 

9.83 

12.361 

21.117 

15.708 

35.72 

9.02 



Based on these assurnptions, 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 Dg over a 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 sumrnarizes the radiation properties of these reflectarrays, while Fig  3-9 graph- 

ically shows their directivities Do, over a selected 10.2% fiequency bandwidth. These 

designs also produce negligibty Iow cross-polarization levels in both E- and H- planes 

(9 = o0 and @ = 90°, respectively), Le. more than 45 dB down. 

Large phase correction emrs  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 fkequency fo = II. 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 fiequency scans away from the center frequency 

f, , the phase correction errors ïncrease 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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ao 160 - 24.0 n-th patch 

30.0 60.0 
0 (degrees ) 

- 24.0 -( n-th patch I 

9 (degrees ) 

Fig. 3-8: Reflectarray directive gain patterns D in the H-plane (9 = 90' ), evaluated 
over a 3.4% fiequency bandwidth, for the 41 x f.1 -=lement rectangular microstrip patch 
arrays: (a) thin substrate, with E, = 2.5, z, = 0.0798cm and a, = O. 75cm , and (b) 
thick substrate, with E, = 1.03, z, = O.5cm and a, = 1.08cm. b = 0.75cm for both 
cases. 
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Table 3-4: Reflectarray H-plane (O  = 90' ) radiation pmperties over a 10.2% fiequency 
bandwidth for the thin and thick substrates. Patch arrays are consist of 41 x 31 elements, 
and the ideal patch array for no phase correction error is evaiuated at f = I I .  761GHz. 

Substrate 
case 

Radiation 
properties patch 

Freq 

0" ( d m  
HPBW 

(@ = 90") 
Max. SLL 

(@ = 90") 
(dB (rectangular 

patches 
O ~ Y )  

Loss in 
direc tivity 

(dB 
0" ( a i )  
HPBW 

(@ = 90") 
Max* SLL 
($ = 90") 

(dB ) (rectangular 
patches 

O ~ Y )  
Loss in 

direc tivity 
(dB) 

4 ( a i )  
HPBW 

(@ = 90") 
Max. SLL 
($ = 90") 

Loss in 
direct ivity 

(combina- 
tion of rect- 
anguiar and 
hat-shaped 
patc hes) 
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-+-- Thick 
Ideal 

1 1 .O 11.5 12.0 12.5 
f (GHz)  

Fig. 3-9: Reflectarray directivities Do over a 10.2% frequency bandwidth, for the 
41 x 31 -element rectangular microstrip patch arrays on thin and thick substrates, 
E, = 2.5 and z, = 0.0798cm for thin substrate, E, = 1.03 and z, = O.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 Enbanccd Performance 

Fig, 3-10 shows the average curent distributions (in hl1 color) of both single-eiement 

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 È is x-directed, these are also approximately the x-directed current distribu- 

tions. The rectangular patch is resonant at fiequency f = II. 761 GHz . For the new hat- 

shaped patch, there is a slight difiference in current intensities between the top and bottum 

edges. This creates the wideband characteristics similar to the concept of producing two 

near equal-magnitude resonant modes at adjacent fiequencies, as investigated in 1973- 

1991 

To include the analysis of stub attachrnents 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- 1 l(a) compares the TE-to-z reflection coefficient phase behaviors of different infi- 

nite array microstrip patch geometries on the thick substrate (E, = I.03 and 

z, = O.5cm) at noxmal incidence. Of dl the geometrical dimensions show in the figure, 

only patch length a is varied. This produces a reflection phase cuve  for the hat-shaped 

Chapter 3: Single-Layer Analysis -78  - University of Manitoba 



Fig. 3- 10: Average current distributions of single-element microstrip patches for a normal 
incidence TE-to-z plane wave: (a) resonant rectangular patch, with a = b = 0.75cm, 
and (b)  hat-shaped patch, with a = 0.75cm, b = 0.54cm, Z, = 0.05crn and 
w, = 0- l l cm.  The È field is x-directed, with f = 11.761GHz, E, = 2.5 and 
ta = 0.0798cm. 
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0.0 4.0 8.0 12.0 16.0 
n-th patch 

Fig. 3- 1 1 : Effects of different microstrip patch geometries for thick substrate, E, = 1.03 
and za = O.km, evaluated at f = 11.761GHz : (a) TE-to-z reflection phase curves due 
to patch length a ,  at normal incidence (Bi = o0), and (b) patch lengths a, in a column 
for rectangular and combination patch arrays. The combination array consists of rectan- 
gular and hat-shaped patches mentioned in Table 3-5. 
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patch that encompasses part of the mattainable 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 yr, coincides with its unanain- 

able phase range, as mentioned in [85], resulting in a combination patch array. For these 

locations, the infinie 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 geomeûical shapes in the combination array. Nevertheless, 

they are generally accurate for the majority of array elements which are rectangular 

patches. 

ri. Rectangular patch 
Hat-shaped patch 

n n n n n n n n n n n n n n n n n n n n  

Fig. 3- 12: Relative Iocations of rectangular and hat-shaped microstrip patches in the 6rst 
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 vRn between rectan- 

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

sented in Table 3-5. 

Table 3-5: Comparisons for the best achieved phases vRn between rectangular and hat- 
shaped patches at the mattainable phase range locations. W, is the required phase 
correction, a, is the corrected patch length, IAyrRnl = IV,, - y, 1 is the phase correction 
error and f = 11.761 GHz. 

That is, the t7 th  and +13th 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- 1 1 (b). The strip geometry, however, 

n -th patch 
(0, = ei) 

16 

(26.570 ) 

27 

(30.26' ) 

+IO 

(39.81' ) 

+I3 

(47.2g0 ) 
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-80.84' 

-75.18' 

Rectangular patches, 
b = 0.75cm 

Hat-shaped patches, 
b=0.32cm, ws=O.llcm 

and i, = 0.05~m 
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25-20' 
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(Utiiized) 
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(Utilized) 

1 7.88' 
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( * ~ ~ n l  

56.11" 

O. 11' 

55.74' 

63-35' 

an 

(cm) 

0.3000 

1.1920 

0.3000 

1.1920 

Y R ~  

-53.84" 
(Not 

utilized) 

-25.80" 
(Utilized) 
-25.1 0" 

(Not 
utiiized) 

-11.83' 
(Utilized) 

an 
(cm) 

1-1924 

0.8348 

1.1924 

1.1924 



0.0 30.0 60.0 90.0 
8 ( degrees ) 

-v- Rectangular 
-*-- Combination 
-A- Ideal 

31.0 f g l U T  

11.0 11.5 12.0 12.5 
f (GHz)  

Fig. 3- 13: Radiation characteristics of the 4 1 x 3 1 -element rectangular and combination 
microstrip patch arrays on thick substrates, E, = 1.03 and 2% = 0.5cm : (a) reflectarray 
directive gain patterns D in  the H-plane ( O  = 90 ) at center frequency 
f, = I I .  761 GHz, and (b) reffectarray directivities Do over a 10.2% ftequency 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 

fiom the main-lobe at the expense of initial SLL, which are slightly higher. These are aiso 

shown in Table 3-4, which also indicates an approximately IdB improvement in directiv- 

ities over the selected 10.2% 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. 

Reflection phase properties of single-layer rnicrostnp reflectarrays are rigorously ana- 

lyzed through the sîudy 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 cf different geometrical shapes, it is generally accwate 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 (+ = go0) far-field radiation charactenstics 

are more significantly afTected by the reflection phase properties of its patch array. There- 

fore, caretùl 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 cornpared to the thin substrate. However, the 

former exhibits more stable radiation characteristics over a wide bandwidth, as cornpared 

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

This chapter provides a M e r  analysis of line-source-fed single-layer microstrip reflec- 

tarray discussed in Chapter 3. These include: 

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

(ii) design restrictions by phase quantization emrs [83], substrate thickness and 

pennittivity [82], 

(iii) properties of variable-stub-length patch arrays [8 11, and 

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

characteristics [84]. 

In the design of a microstrip reflectarray, the analysis for scattering fiom an infinite pen- 

odic array of microstrip patches is often utiiized for determinhg 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, whiçh 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 unifonn phase &ont over the aperture of the reflectarray. 

A collimated beam is thus created. 
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In tum, 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 c m  be costly for large 

reflectarrays. However, for symmetric reflectarrays, the geometrical symmetry for one 

quadrant of the array can be used to reduce computation. Ln fact, line-source feeds c m  

simpli* 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 ver* 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 tirne- Furthermore, due to the simplicity of the empiRcal 

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

4.1.1 Novel Empirical Formulation 

The geometry of an in6initte 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 ce11 dimensions, and constant azimuth angle +, the ernpirical expression for 

approximating the TE-to-z refiection coefficient phase for this structure is given as 
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where vR is the TE-to-z reflection coefficient phase, K is a gradient coefficient, P is a 

power factor, and Oi is the plane wave incident angle. The constants K and P can be 

determined fiom the knowledge of yt, for three incident angles, as 

Unifom incident z , 
plane wave 

1 Ground plane 1 

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

where O < Bi c ei c a/2. The parameters yR(O0), y R ( B i , )  and v R ( B i 7 )  in (4-2) and 
i - 

(4-3) can be computed fiom the fùll 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 w R ( O 0 )  , as given in (4-2) and (4-3). However, (4- 1) being an empir- 

ical 

two 

equation, infiuences the accuracy of the results through Bi, and 0i7 ,  which are the - 

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

sensitivity of the results on Bi, and ei2 , a study is conducted using difFerent sets of values 

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

ent patch sizes. 

The empirical results are compareci 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 fuii wave solutions. Results for the resonant patch array 

are shown in Table 4-1. Three sets of incident angles are selected, which are (Bir  = 30°, 
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Bi? = 60° ), (Oi = 30°, Oi, = 75' ) and (ei = 15O, Bi, = 4S0 ). An examination of 
I - 1 - 

these results, and additional ones for the non-resonant patch arrays, indicates that, for ail 

angles less than Oi,, the phase error due to the empïrical formulation is always less than 

2 O  . The error increases rapidly for incidence angles beyond Bi,. In practice, the reflectar- 

ray focai length is generdly assumed to be large, to reduce the phase quantization error. 

Thus, its edge angle is usually less than 60°, and phase cornputation for large angles is 

unnecessary- 

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

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

errors, good agreement is evident for all angles less than 8,,. for both resonant and non- 

resonant patch arrays. 
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Table 4- 1 : TE-to-z reflection coefficient phase values for an inflnite penodic array of sin- 

gle-layer, resonant, rectangular microstrip patches. f = 11.761 GHz, a = 0.731 cm, 

b = 0.45cm, s, = s,, = 1.25cm, e, = 2.2, z, = 0.31 7cm, Oi = 9U0, x-polarization, 

Phase of the TE-to-z reflection coefficient, y, 

Emp irical 
anaiysis, 

YR, empitïai  

(Oi ,  = 30°, 

Bi, = 60") 

Plane wave 
incident 
angle, ei 

FuU wave 
analysis, 
VR, wave 

Phase error, 

I*wd 
(Oi1 = 30°, 

0, = 60")  

Phase error, 

lAwd 
(O,, = 30°, 

ei, = 75") 

Phase error, 

IAwRI 
(Bi, = M o ,  

Bi = 45O) - 
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-.--.--a- Empirical (a=a,=O. 73 l cm) - Full wave (a=a,=0.73 Icm) 

-90.0 ! 1 1 I 

0.0 30.0 60.0 90.0 
ei (degrees ) 

Empirical (a=0.23 1cm) - -..-.--.. Empirical (a=1 .13 1 cm) 
Full wave (a=0.23 1 cm) 
Full wave (a=l. 13 lcm) 

- 

30.0 60.0 
ei ( degrees ) 

Fig. 4-2: Cornparison of the TE-to-z reflection coefficient phase computed by empïrical 
formulation and fûll wave analysiq with 0 = 30° and €4. = 60" : (a) resonant patches, 

il where a? is the resonant length, and (b) non-resonant ptihes. Other parameters are the 
same as m Table 4- 1.  
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------ Ernpirical (a=a,=O. 73 1 cm) - Full wave (a=ao=0.73 1 cm) 

-90.0 ! 1 1 i 

0-0 30.0 60.0 90.0 
ûi ( degrees ) 

Empirical (a=0-23 1 cm) - -..-..-.. Empirical (a=1.13 lcm) 

- 

30.0 66.0 
ûi ( degrees ) 

Fig. 4-3: Comparison of the TE-to-z reflection coefficient phase computed by empirical 
formulation and full wave analysis, with Bi, = 30' and Bi = 75' : (a) resonant patches, 
where a, is the resonant length, and @) non-resonant pat&es. Other parameters are the 
same as in Table 4- 1.  
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. 
--.--.-.- Empirical (a=a0=0.73 1 cm) 

Fu 1 l wave (a=a0=0.73 1 cm) 
i 

30.0 60.0 
ûi ( degrees ) 

Empirical (a=0.23 lcm) 
-..-..-.. Empii-ical (a= 1.13 1 cm) 

Full wave (a=0.23 Icm) 
Full wave (a=l-13 Icm) - 

30.0 66.0 
8 ( degrees ) 

Fig. 4-4: Cornparison of the TE-to-z reflection coefficient phase computed by empirical 
formulation and full wave anaiysis, with Bi, = 15" and O,, = 4.5" : (a) resonant patches, 
where a, is the resonant length, and @) non-resonant patches. Other parameters are the 
same as in Table 4- 1. 
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The phase quantization errors amibuted to h i t e  patch sizes, and also, to the continually 

varying phase of the incident field from the feed as the subtended feed angle increases, are 

uivestigated. 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 he-source located on the z-axis at z = zf, and the patch 

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

phase delay, wi, corresponding to Fig. 4-5 is formulated as 

wi = k , L , ( s e c 9 , - 1 ) ;  for OSO,<Qst , 

where k, is the fiee-space propagation constant, 8, is the subtended angle fiom the feed 

location r = zf on the z-axis to the n -th patch on the y-axis and is assumed as 8, = Bi 

in the analysis, est 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, that is, F = L, = zf. The phase of the scat- 
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Ground plane 

w - 

Fig. 4-5: Cross section schematics of a microstrip reflectarray : (a) iiiustrations o f  various 
geomeeic parameters, and (b) for defining the maximum subtended feed angle, 8,. . 
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tered wave yrR, is computed h m  the *te periodic array modelling discussed in Chap- 

ter 3. 

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

8, = for a given F/D ratio and cfsdge, is (ei /dûi) 1 , as @en by eL = es, 

where 

for O 2 Bi 5 a,. , D is the ground plane dimension, in the y-direction, of the patch array, 

dedgr is the extension length, in the y-direction, of the ground plane edge fiom the patch 

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

array. 

It follows from (4-3, and the assumption of ddge = O ,  that the rate of change of the 

phase delay at Bi = es, with respect to the F / D  ratio is [hy, / d  ( F / D ) ]  1 ei = es, , as 

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

F / D  ratio at Bi = es,, respectively. 

The geometrical parameter B shown in Fig. 4-S(a) represents the f i t e  patch dimension 

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

studied in [8 11, are iilustrated in Fig. 4-6 with the dimensional parameter B defined for 

each geometry. 

Center 

Rectangular Single stub Twin stub 
patch rectangular rectangular 

patch patc h 

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 cuve  for F = zf = I5cm , evaluated at frequency f = 11.76IGHz 

using (4-4), is depicted in Fig. 4-7. This curve indicates that the phase delay yj  is highly 

sensitive to changes in the incident angle Bi, when Bi is large. Hence, for a given patcb at 

a subtended angle O,, 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 Ayri. A large Awi 

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

Fig. 4-8(a) illustrates A y i  for different patch sizes over a range of subtended angle 0,. 

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

-180.0 ! I I 

0.0 20.0 40.0 
ûi ( degrees ) 

Fig. 4-7: The phase delay curve for F = zf = l5cm , evaluated at frequency 
f = Il.761GHz. 
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1 

0.0 20.0 40.0 60.0 
8, = Oi ( degrees ) 

- 
CD- 
[I 
ai- 

Fig. 4-8: Phase quantization errors: (a) difference in phase delays across a patch width, 
Ayrj, due to the f i t e  sizes of patches for a microstrip refiectarray, evaiuated at the fie- 
quency f = 11.761GHz with its wavelength being ho= 2.5508cm, and (b) phase 
delay sensitivity at Oi = 8,. , evaiuated from (4-5) and (4-7) for N = 41 . 
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and assumming that dedge = 0, the correspondhg 8,. are 59-66' and 45- 71 , respec- 

tively. For B = O. 75crn, these correspond to maximum A y i  as 91.43" 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 srnail F / D  ratios, the phase delay at 8,. is highly sensi- 

tive to 8,, and becomes relatively insensitive as F / 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 Q,., as show by the second curve. 

Therefore, for small F / D  ratios, the A v i  at the 8,. angles would be vecy large and small 

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

4.3 RECTANGULAR AND NGRRow STRLP 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 b / a  c 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 may.  
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Nevertheless, since its width dimension B is larger, the phase quantization error at a large 

subtended angle 0, 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 codigura- 

tion. 

For a Iow permittivity thick substrate microstrip reflectarray, the maximum subtended 

angle of the patch array 8,. , depicted in Fig. 4-5(b), may be reshicted by the onset of 

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

amay in this section. 

Similar to Chapter 3, a TE-to-z incident plane wave at Oi = 90°, with l!? x-directed, is 

utilized as a modelling approximation, where 8, = Bi is assumed. Rectangular patch 

dimensions are a = b = 0.75~~1,  element separations in the x- and y- directions are 

- s, - s,, = I.ZScm, respectively, and E, = 1.03 for a foam substrate. 

Chapter 4: Some Essential Design Concepts - 102 - University of Manitoba 



From Fig. 4-9, for E, = 2-5, the resoaant fiequency f, decreases as the substrate thick- 

ness z, increases. Consequently, the fiequency bandwidth around f, increases, agreeing 

with 171. Similar behavior can also be observed for E, = 1.03 . 

in general, the critical incident angle 0, at the onset of propagating higher-order modes 

is dependent on fiequency, but indepeadent of substrate thickness z, , as represented by 

the discontinuities illustrated in Fig. 4-10 for E, = 1.03 . In fact, the patch arrays for these 

satisQ the weii-known phased array grating lobe critenon 1 sine, 1 d X/s, - 1 , where, in 

this case, Bi, is the maximum scan angle and s, is the element separation [LOO]. 

0.0 5.0 10.0 15.0 20.0 25.0 
f (GHz) 

Fig. 4-9: TE-to-z reflection coefficient phases at normal incidence (Oi = oO) and 
@i = 90°, due to frequency f ,  for different substrate thicknesses 2,. E, = 2.5, 
o = b = 0.75cm, s, = s, = I.25cm and È is x-directed. Resonant frequencies 
f, = 11.761GHz, 11.109GHz and 10-IIOGHz, for z, = 0.0798cm, O.IS88cm and 
0.31 75cm, respectively. 
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za = 0.0798cm 

' -"a" , , 

. , za = O. 1 588cm 
z =03175cm 

-180.0 
0-0 30.0 60.0 90.0 

8, ( degrees ) 

Fig. 4- 10: TE-to-z reflection coefficients due to incident angle 8;, for diEerent substrate 
thicknesses z,: (a) magnitudes AR at f =17.3ZOGHz, (b) phases yR at 
f = 17.320GH2, and (c) magnitudes AR at diEerent f, . E, = 1.03, a = b = O. 75cm, 

- s, - s, = 1.25cm, (+ = 90° and i?? is x-directed. 
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At f = I 7.320GHz, 0, = 22. 6g0 for aii the substrate thiclmesses shown in Fig. 4-lO(a) 

and (b). For Bi > 8,, both first-order (00 -th, or specular) and OI -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, eI must be less than O,, so that power loss due to propagating 

higher-order modes is negligiile. 

Fig. 4- 10(a) and (b) shows a resonance at f = 17.32OGH2, for the substrate thickness 

Z, = 0.0798cm (i.e. z, = 0.0461A ). Furthemore, Fig. 4- 10(c) demonstrates that 8, 

decreases with increasing resonant frequency f ,. in general, however, Fig. 4- 1 1 indicates 

that 8, decreases with increasing fiequency f , as govemed by the grating lobe criterion. 

0.0 15.0 30.0 45.0 
ûi ( degrees ) 

Fig. 4- 1 1 : TE-to-z reflection coefficient magnitudes AR at different fiequemies f ,  
due to incident angle Bi, for z, = 0.0798cm. E, = 1.03, a = b = 0.75cm, 

- s, - S, = I.25cm , ei = 90° and 2 is x-directed. 
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Therefore, substrate pennittivity and thickness, patch array dhensions, and operation fie- 

quency, must be chosen such that 0, is adequately large, so that no propagating higher- 

order modes is produced for a given 63,. That is, the reflectarray F / D  ratio is generally 

made sufficiently large. 

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

(i) rectangular patch, 

(ii) single-stub patch, and 

(iii) htrin-stub patch. 

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] [1 O 11. That is, the stub attachments are phase delay transmission lines employed to 

correct the refiection phase of the reflectarray so that a CO-phasal aperture plane is 

achieved, satisfying (3- 19). 

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

directions are s, = s, = 1.25cm, respectively. A TE-to-z incident plane wave is 

assurned with È x-polarized. The reflection reference plane for the infinite periodic array 

simulations is at z = r, = 0.5)10 , where ho is the fiee space wavelength for a center fie- 

quency f = 11.761 GHz. 

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 refiection phase characteristics. For the purpose of 

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

deviations fiom the resonant patch length a, are dehed as 

(i) 6 = a - a, for a rectangular patch, as described in Chapter 3, 

(ii) 6 = Zs, for a single-stub patch, and 

(iii) S = 2 4 ,  for a Mn-stub patch, 
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where Z,, is defined in Fig. 4-12. 

4.5.1 Single-Stub Microstrip Patch Array 

The resonant rectangular patch for f = I I .  761 GHz, as presented in Chapter 3, is utilized 

for this  s tubbed patch geometry, where E, = 2.5, r, = 0.0798cm and 

a, = a = b = 0.75cm. For the single-stub patch illustratecl in F i g  4- l2(b), a stub width 

w, = 19-01 cm is attached ont0 the patch. 

For the rectangular patch array discussed in Chapter 3, the TE-to-z reflection coefficient 

phase yr, 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 lS2 = 0 ,  the phase 

curves are relatively linear, agreeing wdl with [IO 11. 

4.5.2 TwinStub 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- 

mateiy 45' more at f = II. 761GHz. 

- - - - - - - 
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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 vR between the phase 

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

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

Boundary lntegrd - Resonant Mode Expansion (BLEUE) method descnied in [7O][7 11. 

From Fig. 4-14, yrR for both single- and twin- stub patches increase with increasing inci- 

dent angle 8,. This behavior is sirnilar to those observed and discusseed in Chapter 3 for 

rectangular patch anays. 

Fig. 4- 13: Comparisons of TE-to-z reflection phase curves at nomal incidence for rect- 
angular, single-snib and twin-stub patch arrays, with f = 11.761GH2, E, = 2.5, 
z, = 0.0798crn,s, = s, = 1.25cm,a0 = a  = 6 = 0.75cm and = 0 .  
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Fig. 4- 14: TE-to-z reflection phase curves for different incident angles Bi : (a) single-stub 
patch array, and (b) twin-stub patch array, with the same parameters as in Fig. 4- 13. 
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For the line-source described in Chapter 3, near-field uniformity dong the x-direction was 

assurned. However, due to Gibb's phenornenon 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 cosîne-pedestal, Chebyshev and Taylor dis- 

tributions, of which the normalized source excitations at f = Il. 761 GHz are presented 

in Fig. 4-15. The cosine-pedestal distribution is detennined fkom P + (1  - P) cos(nx/L) 

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

Compared to the unifom distribution, these tapered distributions generate lower field 

intensities near array edges, as depicted in Fig. 4-16. Hence, both the unifom and Cheby- 

shev distributions provide the largest oscillation amplitudes, and the cosine-pedestal and 

-- -- - - - - - - - - 
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n-th element 

Fig. 4- 15: Source excitations for tapered distributions at f = 1l.761GHzT due to the 
line-source descnbed in Chapter 3. SLL=-25m 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. 

Furthemore, 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 = -9- , and the Taylor distribution, yield the least oscillation amplitudes. 
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----- Taylor ( for-SLL = -25dB, n-bar = 3 ) 4 ---- Chebyshev ( for SLL = -25d.B ) 1 
x-coordinate ( h ) 

x-coordinate ( h ) 

Fig. 4- 16: x-polarized È fields in the near-field (Fresnel) zone along the x-axis on the 
patch array, due to different line-source distributions, for f = I I ,  761GHz: (a) relative 
magnitudes, and (b) phases. The last patch column on the array is at x = 9.801A, where 
h is the wavelength, and rf = I'icm. 
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Unifonn distribution \ , \.. 
----- Cosine (for pedestal = - 1 SdB ) \ , \- 

\ 
Cosine (for pedestal = -3dB ) \ '\ 
Cosine (for pedestal = -9dB ) 

x-coordinate ( h ) 

. .W." I I 1 I I 

0.0 2.0 4.0 6.0 8.0 10.0 
x-coordinate ( A ) 

Fig. 4- 17: x-polarized È 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 = 9.801 X,  where h is the waveleogth, and zf = 15cm. 
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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 rdec- 

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

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

lobe levels (SLL) in the E-plane (@ = oO). Very low fïrst SLL in the E-plane (@ = oO) 

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

yield larger HPBWs in the E-plane (O = oO)  and lower directivities Do. 

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

(@ = oo and t) = 90°, respectively) for the reflectarray fed using these line-source distri- 

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

negligible effect on the reflectarray directive gain pattern in the H-plane (4 = 90°), 

which is mainiy govemed by column elements of the patch array. 
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- Uniform distribution 
o.-_ Cosine (for pedestai = -9dB ) 
--- Taylor ( for SLL = -2SdB, n-bar = 3 ) - 24.0 1 \ A----- Chebyshev ( for SLL = -2SdB ) 

-a I 
m 

0.0 10.0 20.0 30.0 
0 (degrees ) 

- Uniform distribution 
---_ Cosine (for pedestal = -9dB ) 
-m..-- Taylor ( for SLL = -25dB, n-bar = 3 ) 
----- Chebyshev ( for SLL = -25dB ) 

0.0 30.0 60.0 90.0 
0 ( degrees ) 

Fig. 4- 18: Reflectarray directive gain patterns, Dg, at f = I I .  761GHz : (a) E-plane 
(9 = 0" ), and (b) H-plane (@ = 90°). Other parameters are the same as in Table 4-2. 
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For the analysis of infinite periodic arrays of single-layer rectangular microstrip patches, 

an empirical expression is obtained and venfied for calculating the phase of the TE-to-z 

reflection coefficient. It requires ody  three parameter detenninations using the full wave 

analysis, which reduces computational times ~ignificantly~ 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 hcreases with the patch sue. 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 smail F / D  ratio. 

However, a thick substrate increases the tiequency 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 veri@ 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 con& 

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. 

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 Lhe- 

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 

Refening to Fig. 5-1, the upper and lower edge subtended angles are 8, and O,, respec- 

tively, where O0 < 0,s  8, c 90'. The beamwidth of feed illumination ont0 the patch 

Fig. 5- 1 : yz-plane geometrical configurations of an offset-fed microstrip reflectarray, 
with an x-polarized È field h m  the line-source feed. 
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array in the y-direction is defined as 

w here 

O" c 8, c 180°, O0 5 8, c 8,. for patches at locations y P -yo on the microstrip patch 

array, U0 5 0, c Oc. for patches at locations y < -y, on the patch array, and y, is the feed 

offset distance below the z-axis. Parameters O,, D ,  sy and zf are as previously defined 

in Chapter 3. 

The feed is aimed at an angle 8, / 2  ont0 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 
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where O0 s e f <  90°. 

It is assumed, that, at a location y = 
y% 

on the patch amy, there is a specular reflection 

angle 8, which equals the reflectarray main beam angle 0, , where O0 < 0, < 90° and 
sp 

is the y-coordinate of the location. Then, Bi = 8, = O,, where O" 5 8,- < 90°, 
sp T SP 

O* 1 0, < 90° and 0, is the corresponding incidence angle of feed illumination ont0 
SP sp 

y = yoV on the array- This gives 

Yio 
tan OiSp = tan 0, = - 

'P =/ 

and 

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 8, = 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, = 9.810cm offset below the z-axis and 2,- = 26.279cm. Hence, 

F/D = 1.475. Fig. 5-2 depicts this new feed position, with 8,. = 47.38O and 

€3, = 18. 7P0 , as evaluated fiom (5-2a) and (5-2b), respectively. 

From (5-3), the feed is aimed at Bf = 1 4 O .  This feed direction is dong the i -a is  which 

intercepts the microstrip patch amy at y = -3.258cm, as determined fiom (5-4), where 

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

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 
arra y. 
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Since the reflectarray F / D  ratio is large, the large H-plane (@ = i9o0) single Iine- 

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 ($ = e o 0  ) 

feed beam, if the Line-source separation in the y'-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 d,, 5 OSk is enforced. The near- 

fields of both single and double he-sources for a center fiequency f, = 1 1.761 GHz , at 

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

---+- da".= 1.00cm = 0.3920h 

0.2 - --+-- dy'= I.15cm = 0.4508h 
+ dyv= 1.27cm = 0.4979X 
-Y- Single line-source 

0.0 1 1  

-1 6.0 , -8.0 I,, 0.0 8.0 16.0 , 
n-th patch 

Fig. 5-3: Cornparisons of near-field relative magnitudes along the y-axis for the offset- 
fed configuration, due to single and double line-source feeds, with f = II. 761GHz, 
s, = 1. ZScm and uniforni line-source distributions. 
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form line-source distn'bution. 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 

v, = n-P,, 

where yi and Po are as previousiy defined For (349) in Chapter 3. 

By scanning the refl ectarray beam away ftom the feed to decrease blockage, the variation 

of yn with 0, , and consequently with y ,  can be reduced. This phase sensitivity behavior 

is attributed to v, having exponential increments, because of its dependency on the phase 

delay y i ,  as given in (5-7). 

Associated with phase delay yri 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 yr, is a phasal local minimum that is dependent on f3, , and 

thus, main beam angle 0,. For 9, = o0, Bo = 0 ,  and thus, yr, = vi ,  which certainly 

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

above. 

Chapter 5: Offset-Fed Configuration - 125 - University of Manitoba 



To determine the location of this minimum, the assumption 0, = 0 = Bi is 
'v sp 

employed. Since near-field oscillations due to the line-source are included into the analy- 

sis, the m = 6 column of a 41 x 31 -element microstrip patch array (Le. with 41 col- 

umns and 31 rows) is arbitrarily selected for illustration- For this patch column, local 

minima for 8, = oO, 25' and 34* are computed fiom (5-5) and (5-6), to be positioned at 

y = yoV = -9.81 Ocm, 2.444cm and 7.915cm, respectively. This demonstrates, that, for 

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

increasing 8, , 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 yr, with respect to Oi at Bi = 8, for 

a given "focal" length F, Le. (%/ai) 1 , is 
0, = 0, 

where 
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-8.0 0.0 
n-th patch 

Fig. 5-4: Required phase correction y,, due to the n -th patch, dong the m = 6 column 
of a 41 x 31 -element microstrip patch array: (a) 8, = o0 and 2 5 O ,  and (b) 0, = 3 4 O .  
f = 11.761GHz ands,, = I.2Scm. 
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and 

- Y-Y,* ; for y > y  
YN sy - - I Osp 
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2 
the phase sensitivity -(+,/dûi) is evaluated as percentage error 

koDN ei = 8, 



Table 5- 1 : Phase sensitivities at selected locations dong the m = 6 column of the patch 
array for the offset-fed configuration, with F = zf = 26.279cm, D = 38.750cm, 
s, = 1.250cm and y, = 9.810cm. 

' For the center-feed conjîjp-ation of Chapfer 3. @ = 60.0781% at n = +15 
dong the m = 6 cobrmn. 

Main beam 
angle, 

00 

0 O  

2 5 O  

Table 5-1 shows the computed phase sensitivities p for different 0, at selected locations 

on the patch array. As expected, edge elements farthest fiom the minimum locations gen- 

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

5-4 for 0, = o0 and 0, = 2(io. 

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

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

340 1 
7.915 

I 
O. 4706 

I 
0.2402 

I 3.0228 

Position of 
local 

minimum, 

'='OSP 

(cm 

-9.810 

2.444 
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(y=18.7SOcm) 

3.4712 

Atn = O  

(y = Ocm) 

0.3811 

At n = -15 
(y=-18.75Ocm) 

0.3124 
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detemiined fkom (5-5) and (5-6), this necessitates that 8, = 8 = 8 = Oi0 = 20.47'. 
'sp r0 

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

scanned [39][40]. 

But, since O,, = 18- 7 9 O ,  as determhed fiom (5-2b), utilizing 0, = 20.47' in the design, 

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

field zone, which requires that 0, » 0,. 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, ei = 90' corre- 

sponds to locations on the patch array above the feed, Le. for y > -3.258cm, while 

Qi = -WO corresponds to locations on the patch array below the feed, i.e. for 

y < -3.258cm, where O j  and Oi are previously defined in Chapter 3 for the infinite peri- 

odic array modelling. 

Since Bi = 0, = O,, a phasal local minimum occurs at 8, = Oi = 2'i0 in Fig. 5-5(a). 
SP SP 

That is, for a given go, in general, the phasal local minimum occurs at 8, = Bi = 0,. 
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0.0 10.0 20.0 30.0 40.0 50.0 
0, = 0, ( degrees ) 

,=.-.A- --.- --.--..-. 2. - -  -.-..- -- -..-.- - ..-. -..- .. . . . - - . .. . . . . . . < . . . . . . --.. 

Unattaînabk 

phase region 

-0.9 -0.6 -0.3 0.0 0.3 For 8, = 0" 

Fig. 5-5 : Phase curves for the offset-fed microstrip reflectarray at f = I 1.761 GHz , for 
rectangular patches: (a) phase curves v, and TE-to-z reflection phase curves 
(Y& r-nani for a = a, = 9 W R ~ ,  i~gent for a = 1.200cm, and vRn, sndlat 
for a = 0.2OOcm), due to incident angle 0, = Bi dong the rn = 6 column of the patch 
array, and (b) TE-to-z reflection phase due to U a , ,  and its corresponding phase dia- 
gram, for normal incidence (0, = O") .  E, = 1.03, z, = 0.317cm, a, = 0.974cm and 
b = 0.45cm. 
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A substrate thickness z, = 0.317cm, with E, = 1.03, is chosen for an offset-fed single- 

layer rnicrosûip reflectarray having its main beam directed at 0, = 25O for a center &- 

quency f, = II. 761GHz. It is consist of a 41 x 31 -element microstrip patch array. For 

both rectangular and combination patch arrays considered, the widths of dl the rectangu- 

lar patches are b = 0.45cm, while the dimensions of al1 other patch geometries remain 

the sarne as those in the center-fed configurations, as in Chapter 3 and Chapter 4. Only 

patch length a are varied to obtain field collirnation for the desïred main beam direction. 

5.2.1 Patch Array Symmetry 

For an offset-fed configuration, computations are necessary ody for a half section of the 

Mx N-element patch array due to symmetry, so that computation speed and efficiency 

are enhanced. M and N represent the nurnber of elements in each column and row in the 

array, respectively. 

Bxause of (3-23) in Chapter 3, (3-2 1) in that chapter, as applied to the offset-fed configu- 

ration, is simplifiecl to 

where 
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; for m = O 

1 t c o s [ ~ , ( û , $ ) ]  ; for m=1 ,2 ,3  ,... 

iw,(e, $1 
g,, = e ; for n = 0,+1,&.2, ... 

- (fd)kSO ; for m =O, 1, 2, ... and n = 0,*1,I2, ... L n  - R$,, (5- 12c) 

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

configuration consisting of a 41 x 31 -element microstrip patch array- 

5.2.2 Reetangular Patch Array 

The TE-to-z refiection phase curve yRn, rrsonsnt in Fig. 5-5(a), for the resonant microstrip 

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

correction at 0, = Bi = 25* for 8, = 25O. Thus, the patches in the vicinity of the local 

minimum are generally consist of near-resonant patc hes. 

Furthemore, the phae largesi WRn,  ~ m a i i e ~ t  in the figure, for the Iargest 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 the* 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 ,  ,p for the 41 x 3 1 -eleutent array, as a qukk first-pass solu- 

tion. Although this solution is relatively accurate, as proven in Chapter 4, a M e r  opnmi- 

zation of the soiution is easily pertomed using the fiil1 wave analysis and through minor 

tuning of the patch lengths individually. 

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

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

achieved reflection phases yRn are depicted in Fig. 5-6@). 

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

sented in Fig. 5-7(a), which shows good accuracy of the patch lengths, especially for the 

nez-resonant patch lengths. A cornparison 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 Une-Source Feed 

To decrease the spillover loss for an offset-fed refkctarray, 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,, = 0.51 is selected, where 1 is the wavelength, since it pro- 
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t m l ' l - ' l - =  0.097 
16.0 -8.0 0.0 8.0 16.0 

n-th patch 

.-W." . w I 

0.0 10.0 20.0 30.0 40.0 50.0 

0, = ûi ( degrees ) 

Fig. 5-6: Phase correction dong the m = 6 column of a 41 x 31 -element rectangular 
microstrip patch array at f = 11. 761 GHz : (a) patch lengths a, for the array column, 
and (b) achieved reflection and required phases, yR, and y, , respectively. E, = 1.03 , 
z, = 0.317cm, a, = 0.974cm and b = 0.45cm. 
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+ Rectangular patch position 

n-th patch 

-1 6.0 -8.0 0.0 8.0 
n-th patch 

----- I- Fuii Emp*cal wave I 

-90.0 -60.0 -30.0 0.0 30.0 60.0 90.0 
B ( degrees ) 

Fig. 5-7: Solutions from empirical formulations and full wave analysis evaluated at 
f = II. 761GHz, for an offset-fed microstrip reflectarray with a single line-source feed 
and a 41 x 31 -element rectangular patch array: (a) percentage errors o f  patch lengths 
a,, emp along the m = 6 column of the array, due to empincal formulations, and (b) 
reflectarray H-plane ( O  = -0') directive gain patterns Dg. f, = 1.03, 
z, = 0.317cm, a, = 0.974cm and b = 0.4Scm. 
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duces the most directive H-plane (O = @ ) feed beam for no side-lobes, as is evident 

in Fig. 5-3. 

For the doubie line-source feed at f = 11.761 GHz, the patch array edge illuminations 

along the y-axis are -4.40dB and -5.66dB at n = -15 and n = 15, respectively. Con- 

sequently, given that the patch array lengths along the x- and y- directions are 

41s., = 21. l l 7h  and 31sy = 15.7087L, respectively, the reflectarray spillover loss is sig- 

nificantly reduced fkom 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, 41 x 31 -element rectangular patch arrays and uniform line-source distribu- 
tions. f = 11.761GHz, E, = 1.03, za=0.3170cm, zf=26.279cm, e, = 2s0, 
a, = 0.974cm and 6 = 0.45cm. Values in brackets are for the ideal patch array having 
no phase correction error. 

Properties 
Single 

line-source 

HPB W (@ = 90' ) 

Loss in directivity 1 0.21 
(dB 

Spillover 
(percent ) 

Double 
line-source 

(d,. = 1.27cm) 
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Cornparhg reflectarray far-field radiation characteristics between co~gurations with sin- 

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

tivity Do for the reflectarray with a double Line-source feed is improved by 1.72dB . 

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

observation angles far ffom the main-lobe. 

n-th patch 

-90.0 -60.0 -30.0 0.0 30.0 60.0 90.0 
8 (degrees ) 

Fig. 5-8: Reflectarray H-plane ($ = +90°) directive gain patterns D at 
f = I I .  761 GHz, for offset-fed microstrip reflectarrays with single and double fine- 
source-feeds, and 41 x 31 -element rectangular patch arrays. E, = 1.03, 
z, = 0.317cm, 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 = 11.761GHz, with E, = 1.03, 

(b) 

Fig. 5-9: Cornparisons between different microstrip patch geometries at 
f = I I .  761 GHz : (a) patch geometry schematics, and (b) correspondhg TE-to-z reflec- 
tion phase curves at nomal incidence (Bi = O*). E ,  = 1.03 and z, = 0.31 7cm. 
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z, = 0.31 7cm and varying a.  The reflection phases of the hat-shaped and strip patches 

extend into the unattainable phase range of the rectangular patch, sunilar 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 [SI ,  as discussed 

in Chapter 3. However, mutual coupling between patches of different geomeûical shapes 

are not accurately accounted, because of the infinite periodic array modelling utilized. 

Cornparisons 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, stnp and hat-shaped patches 

are implemented into the array as a combination patch array. Patch lengths for the m = 6 

column of the 41 x 31 -element rectangular and combination arrays are shown in Fig. 5- 

1 O(a) . 

5.2.5 Far-Field Radiation nt Center Frequency 

Assuming that the double line-source possesses adequate impedance band, the refiectar- 

ray radiation patterns and spillover losses are affected by its feed. Furthemore, na-field 

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

tions. 

- -- - 

Chapter 5: Offset-Fed Configuration - 140 - University of Manitoba 



Chapter 5: Offset-Fed Configuration - 141 - University of Manitoba 



I T " 1  

-1 6.0 -8.0 0.0 8.0 16.0 
n-th patch 

(a) 

Combination 

-90.0 -60.0 -30.0 0.0 30.0 60.0 90.0 
0 (degrees ) 

Fig. 5- 10: Cornparisons between rectangular aud combination microstrip patch arrays 
for offset-fed configurations with a double line-source feed, evaluated at 
f = II. 761 GHz : (a) patch lengths a, dong the m = 6 columns of the arrays, and (b) 
reflectarray H-plane (@ = -0' ) directive gain patterns Dg. er = 1-03 za = 0.3 1 7cm 
and patch arrays are consist of  41 x 31 elements. The combination array is consist of 
rectangular, strip and hat-shaped patches mentioned in Table 5-3. 
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The reflectarray H-plane (+ = m) directive gain patterns Dg at center frequency 

f,= II. 761GHz , for rectangular and combination patch arrays with a double line- 

source feed are illustrated in Fig. 5- 1 O@), where 0 2 90O corresponds to @ = 90* , and 

0 < -go0 to @ = - 9 0 ~ .  In the figure, both main beams are directed at 0 = 0, = 25' 

with approximately equal directivities Do. However, the side-lobe leveis (SLL) at obser- 

vation angles far fkom the main-lobes are improved in the combination patch array, at the 

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

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

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

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

plane (@ = +90* ), but are negligible in the E-plane (@ = f O ~ ) .  Additional reflectarray 

radiation characteristics are tabulated in Table 5-4. 

- - 
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Table 5-4: H-plane (O = 9 0 O  ) radiation properties of offset-fed microstrip reflectarrays 
with double line-source feeds, designed using rectangular, strip and hat-shaped patches 
and illuminated by unifoxm iine-source distributions, over a 10.2% fiequency bandwidth. 
The patch arrays are consist of 41 x 31 elements, and the ideal patch array for no phase 
error is at f = I I .  761 GHz . 

Radiation Ideai 
Substrate case properties patch 

-Y 

(rectangular HPB W 
patchesonly, 1 (6 = goo) 1 4-01' 

offset-fed with 
rf=26.279cm, 

E, = 1-03 

z a =0.31 70cm 
(combination 
of rectangular, 
strip and hat- 

shaped patches 
mentioned in 

Table 5-3, off- 
set-fed with 

z-= 26.2 79cm 
and desired 

e, = 25") 

HPBW 1 (m = go0) 1 4010 

Loss in 
directivity 

(dB 
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5.2.6 Wideband Performance 

Reflectarray directive gain patterns over a 10.2% fiequency bandwidth for the rectangu- 

lar patch array, shown in Fig. 5- 1 i (a), are compared with the array implemented using a 

combination of rectangular, saip and hat-shaped patches, depicteci in Fig. 5- 1 l(b). For the 

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

observeci over the 10.2% bandwidth. 

Fig. 5- 12(a) indicates a narrowband charactenstic for the thin substrate center-fed con@- 

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

uration of Fig. 5-1 l(a). The difference in ideal directivity Do between the center- and 

offset- fed configurations over the 10.2% 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) reveais a generally higher Do over the 10.2% bandwidth, for 

the combination patch array due to its better phase corrections over the bandwidth. Fur- 

ther conka t ion  is provided through Fig. 5-13, which illustrates a lower directivity loss 

(due to minimal phase correction errors) for combination patch m a y  

In addition, the loss in Do due to phase correction errors, in Fig. 5- 13, are relatively sym- 

metrical about the center fkequency f, = 11.761GHz , suggesting that phase corrections 

deteriorate as the fkequency is scanned away from f,. However, SLL for the combina- 
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8 ( degrees ) 

-90.0 -60.0 -30.0 0.0 30.0 60.0 90.0 
8 (degrees ) 

Fig. 5-1 1: Reflectarray H-plane ((D = @) directive gain patterns Dg over a 10.2% 
frequency bandwidth, for offset-fed microstrip reflectarrays with double line-source 
feeds: (a) rectangular patch array, with a, = 0 . 9 7 4 ~ ~ 1  and b = 0.45cm, and (b) corn- 
bination patc h array, consisting of rectanguiar, stnp and kt-shaped patc hes mentioned 
in Table 5-3. E, = 1.03, z, = 0.31 7cm, and the patch arrays are consist of 41 x 31 
elements. 
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11.0 11.5 12.0 12.5 
f (GHz)  

-v- Center-fed (Rectangular) 
-*-- Offset-fed (Rectangular) 

Center-fed (Ideal) 
A Offset-fed (Ideal) 

-v- Rectanguiar 
-*-- Combination 

Ideal 1 

33.0 r r - r - l r .  , n i  

11.0 11.5 12.0 12.5 

f (GHz)  

Fig. 5- 12: Cornparisons of  reflectarray directivities Do over a 10.2% fkequency band- 
width: (a) between the center-fed configuration of Fig. 3-8(a) and the offset-fed configu- 
ration of  Fig. 5-1 l(a), and (b) between rectanguiar, combination and ideal patch arrays 
for offset-fed configurations with double line-source feeds and the same reflectarray 
parameters as in Fig. 5- 1 1 .  The patch arrays are consist of 41 x 31 elernents, and the 
ideal patch m a y  has no phase correction error. 
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tion patch array increases more rapidly with fiequency, 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 = I I .  761GHz , the rectangular patch axray for the offset-fed conûguration 

yields lower Do, as compared to that of the thin substrate center-fed configuration of 

Chapter 3. This is because, due to its large F / 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. 

Fig. 5- 13: Cornparisons of reflectarray losses in directivity due to phase correction 
errors, over a 10.2% fiequency bandwidth, between the center-fed configuration of Fig. 
3-8(a) and the offset-fed configurations of Fig. 5-1 l(a) and (b). 
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However, for a larger bandwidth of 10.2%, 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 Do is 

therefore srnalier, and its SLL is also lower. 

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

within kU.3 from the intendeci design specification of 0, = 25O, over the 10.2% band- 

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

from the reflectarray over the bandwidth. 

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 M e r  

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

The cosine-pedestai distribution with pedestal = -9dB is selected over other tapered dis- 

tributions of Chapter 4, due to its smaller near-field oscillations which pennits better 

phase corrections for a patch array that varies only in the y-direction. Furthemore, the 

cosine-pedestal distribution is also simpler to cornpute. 
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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- 

fonn 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 0, -plane, containing the main-lobe for 0, = 25' 

(graphically defined in Fig. 5- 15(a)), are improved, and HPB W is also increased, as illus- 

--V-- Center-fed (Unifom) 
---P.- Offset-fed (Unifonn) 
-&- Offset-fed (Cosine) 

Fig. 5- 14: Cornparisons 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. 5-1 l(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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----- ".O h 
J 
- Uni fonn 

Cosine ( pedestal = -9dB ) 

15.0 30.0 45.0 
0 (degrees ) 

Fig. 5- 15: Reflectarray far-field radiation characteristics for the offset-fed configuration 
of Fig. 5- 1 l(a), iiiuminated using unifonn and cosine-pedestal line-source distributions 
described in Section 4.6: (a) directive gain Dg patterns in the 0, -plane, and (b) directiv- 
ities Do over a 10.2% fiequency 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- lS(a). Consequently, its Do is generally lower over the 10.2% bandwidth, 

and its ideal counterpart is less sensitive to Gequency (has a smaiier 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 41 x 31 -elexnent rectangular patch array, and illumiaated by a cosine-pedestal 
(with pedestal = -9dB ) line-source distribution over a 10.2% fiequency bandwidth. 
e, = 1.03, za=0.3170cm, zf=26.279cm, 0, = 25O, a, = 0.974cm b = O.45cm and 
d,, = 0.497911, where b is the wavelength. Values in brackets represent those for the uni- 
form distribution- 

Max. SLL (e,-plane) 1 -18.32 1 -18.71 1 -18.93 1 -19.18 1 -19.57 

Properties 

0, ( a i )  

O0 

HPB W 

Loss in directivity ( d B )  ( 0.41 1 0.18 1 0.17 1 0.20 1 0.42 

Frequency, f (GHz) 

S pillover 1 8.90 1 8.41 1 8.19 1 8.06 1 7.76 

11.161 

33.83 

25.1 70 

3.01~ 

Patch array length dong 
the x-direction, 41s, 

(A) 
Patch array length dong 

the y-direction, 3 1 s, 
(A) 

(percent ) 1 [13.47] ( [12-1-31 1 6 ]  1 [11.14] 1 [10.36] 
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11.761 

34.4 7 

2 4 . ~ 7 ~  

2.94O 

19.750 

14-675 

11-961 

34.55 

24.91" 

2. 92O 

20.092 

15.191 

12.361 

34.56 

2 4 . 7 ~ ~  

2.8y 

20.433 

15.450 

21.117 

15.708 



For the offset-fed configuration, due to reduced phase correction enors, an off-broadside 

main beam provides improved phase corrections over that of a broadside main beam, with 

the feed blockage negiected. To minimize the phase correction errors for an off-broadside 

beam, the main beam angle 8, is selected to equal the angle er0 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 fiequency scanning. 

For the inhite periodic array modelling, patch length errors fiom 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 6irst-pass solution, pnor to executing the more rigorous 

infinite periodic array fÙl1 wave analysis. 

To significantly decrease the reflectmay spillover loss, a double line-source feed is imple- 

mented, which also results in improved reflectarray directivity and SLL in the H-plane 

(@ = +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. 

Chapter 5: Offset-Fed Configuration - 153 - University of Manitoba 



The thin substrate center-fed configuration yields good narrowband radiation charactens- 

tics, while the thick substrate O ffset-fed configuration is excellent for wideband applica- 

tions. When implemented with the combination microstrip patch array consisting of 

rectangular, strïp and hat-shaped patches, the offset-fed configuration demonstrates 

improvements in reflectarray far-field radiation characteristics over the microstrip ratan- 

gular patch array. That is, it suffers less directivity loss due to phase correction errors, and 

yields lower SLL in the H-plane (9 = 3 0 '  ). Thus, the hat-shaped patch geometry offers 

excellent promises for Mproving 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 cosioe-pedestal distribution 

yields the lowest reflectarray spillover loss, but generally, at the cost of decreased reflec- 

tarray directivity. It dso produces reduced SLL in the 8, -plane. 
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6 Summary and Future Research 

The infinite penodic 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 effixts of 

patch geometries and substrate pennittivity and thickness on the performance of micros- 

trip reflectarrays were investigated. Two feed configurations and some design concepts 

were also studied. 

Research contributions fiom this thesis are summarized as foiiow: 

A ~ ~ O ~ O U S  analysis of the mattainable phase range, inherent to infinite penodic arrays 

of single-layer rectangular microstrip patches, was perfonned. Subsequently, a combi- 

nation microstrip patch array consisting of rectanguladstnp and hat-shaped patches 

was proposed to rectiG 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 fùture in microstrip refiectarray applicatims because of its complementary 

reflection phase properties. 

Nurnerically 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 perfonned, addressing the phase enors. 

The formulation for reflectarray far-fieid 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 perfonned, 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 8, -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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Some recommendations for f.urther research are: 

An irnplementation to refine the infinite periodic array modelhg in te- of computa- 

tional speed and efficiency, using improved numerical techniques in [5 71 [S8] [63]-[7 11. 

A replacement of the CO-linear dipole array feed with other antennas, such as a CO-lin- 

ear microstrip patch or slot array. 

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 

[ 1 1][29] [3 11-[34] [73][103][104]. 

An extension of analysis to include multilayer arrays, so as to enhance the reflectarray 

bandwidth performance and to enable dual-band operation [34][73]. 

An implementation of the triangular bais fùnction expansion to mode1 arbitrary geom- 

etries [2]  [53]. 

A development of electronic beam-scanning antennas using he-source-fed microstrip 

reflectarrays . 
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A Equation Parameter 
Definitions 

Notations used in the derivation of the integral equation (2- 10) are: 

?sf P,) = unknown current density on patch element (rT E A' ) 

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, , 4,) = spherical coordinates in medium t 

2 = 1, 2, 3 = index for layered media 

rn = 1,2 = 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: 

Transverse Floquet modal propagation unit vectors are: 

(0 (0 - (0 - - (4 A (0 - - k ~ p q x X  + 'TpqY? 
IC lpq  - %q, + ICfpqY 9 For TM incident plane wave (A-2) 

(0 
k ~ P 4  

(0 (0 
* ( O  - - - k ~ p q y X - k ~ p d  
K 2 ~ q  " ~ 4 . ~  + K2~q-b* 9 

For TE incident plane wave (A-3) 
(0 

km 

where 
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Floquet modal propagation constant is: 

1 ïL2f41 , kC1I2 > - h") - &(O ; For propagating Floquet modes 
= 

PQ 
T P 4  (A-8) 

j , k('I2 < ft(') - - For evanescent Floquet modes 
T P 4  5 4  ' 

where 

Floquet modal admittances are: 

For TM incident plane wave 
P 4  

w here 

For TE incident plane wave 

(A- 1 O) 

(A- 1 2) 

(A- 1 3) 
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Floquet modal reflection coefficients are: 

; For reflection due to dielectric sheet (A- 1 4) 

; For reflection due to boundary at z = -2, (A- 1 5 )  

Equivalent FIoquet modal admittance is: 

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: 

cmtn1 = unknown cwrent modal coefficient 

f i , , l l d  (P,) = modal basis vector 

= I , 2  = index for transverse field modes (TM and TE modes, respectively) 

nt = index for modal basis vectors, to be mapped as n' + (n,,n3 

(A- 1 6)  
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a ,  b = dimensions of rectangular patch element along x- and y- directions, respec- 

tively 

n , n , , n z  = 0,1,2 ,... ; n # n2 when n2 = O 

Entire-domain sinusoidai basis fiinctions [49] are: 

h,  , , (x,y)  = sin n K --- 
1 2  [ (Y :)] cos [n2n@ - i)] ; in the x-direction 

Normalization factor for entire-domain basis vectors (2-14) [49] is: 

where 

(A- 17) 

(A- 1 8) 

(A- 19) 
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A.3 PARAMETERS FOR SUBIDOMAIN BASIS ~ C T I O N  
EXPANSION OF CWTER 2, EQUATIONS (2-16)-(2-17) 

Notations relevant to cwent  modal expansion equations (2-16)-(2- 17) are: 

c,: , c,: = unknown current modal coefficients for x- and y- directions, respectively 

(PT), fi,;. (PT) = modal bais  vectors in the x- and y- directions, respectively 

nX , n: = indices for modal basis vectors for x- and y- directions, respectively, to be 

mapped as nk -+ (n ,,n x) and n; + (n l,n,, y), respectively 

n , n , , n 2  = O , + I , e ,  ... 

S imilarly, subdomain roo f-top bais fiuictions [5 1 ] are: 

where 

1 '- lx-nAxl  
Ax 

; l x - n A x 1 ~ A . x  
A,(x) = 

O ; elsewhere 

Ax 1 ;  l x - r l A x l s -  
= ( 2 

O ; elsewhere 
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B Simulation Software 

A major effort has been prhmily concentrated on developing a computer m o d e h g  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 ANS1 C standard, and 

may be executed using Perl script. 

Al gorithms for patch segmentation schemes, types of basis fünctions employed and solu- 

tion technique are based on formulations presented in this thesis. The software code is 

constmcted using register pointers and dynarnic memory allocation tùnctions, 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 Lm-SOURCE-FED 
MICROSTRIP REFLECTARRAYS 

This section presents a brie€ 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 -elment patch array. 

-- - -  . - 
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Codes for evaluating a micros- 
trip reaectarray consisting of an 
M x N slement patch array: 

1 NEC: Public domain method of 
moment (MoM) code for /=\ 1 fhinwiregeometries 

ARCOF: Custom-built infinite 
penodic anay code 

EFEL: Custom-built postprocess- 
ing code for evaluating 

Preprocessing 

Main processiag 

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, Le. with M dissimilar columns and 
N dissimilar rows. "NEZ Data " is the line-source near-field data, "YCS W Data " is the 
reflection coefficient and patch length data for an array column, and "EF Data" is the 
reflectarray far-field radiation daîa. Input and output nles 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 ernployed 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 irnplemented for single-layer array analysis, with or 

without an infhite ground plane, and can be executed in two modes, i.e. infinite penodic 

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 coefficient due 

to either frequency, incident angle, substrate thickness or pennittivity, basis function or 

Floquet mode tnincation, patch or ce11 dimension, depending on the choice selected in the 

input file. This file contains patch array and incident angle specifications, basis h c t i o n  

and Floquet mode truncation parameters, a choice of basis fùnction 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 dong 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 speciQing the array columns and rows to be evaluated, in addition to 

the input information similar to the infinite periodic array mode. 

Subsequently, M "YCSWData " files are generated, containing reflection coefficient data, 

together with M output files containing other output information, such as, type of process 

nin, matrix size utilized, CPU t h e  and completion messages. The "YCSWData" 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 [ 1051, but, it requires M e r  modifications for a fùll 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 fiom the "YCS WData " 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 fiom feed (as computed fkom NEC), main beam angle, array colwnns and 

rows to be evaluated, and array element separations. 2 "EF Data " files, containing direc- 

tive gain patterns for the patch m y  and its ideal array counterpart, and an output file con- 

taining reflectamay far-field radiation characteristics, are subsequentiy 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 41 x 31 -elernent patch array (Le. with 41 dissiniilar col- 

umns and 31 dissimilar rows), as performed on a typical Sun Ultra 10 workstation with 

512MB RAM and Solaris 2.7 OS is given as: 

For ARCOF (using sequential processing only): 

CPU tirne = 63.0hours, memory = 12.OMB and 

minimum hard disk space requirement = 8.7MB . 

EFEL: 

CPU t h e  = 19.3 hours , memory < L4MB and 

minimum hard disk space requirernent = 0.7MB. 

- . . - . -. . . 
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in this simulation example, there are 41 input files, 41 output files and 41 "YCSWData" 

files for ARCOF, and 1 input file, I 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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