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Abstract

Hemispherical scan coverage, where the antenna beam may be positioned anywhere
above horizon, is required in many applications such as satellite communications, and
surveillance and tracking radar systems. This work involves the modelling and design
of multi-faceted antenna arrays for providing general hemispherical coverage.

Two classes of multi-faceted antenna arrays are used, namely, pyramids and pyra-
midal frusta, and four stages of their design process are considered. The first stage
concerns the geometric design of the antenna and presents simple and novel meth-
ods to determine the optimal antenna geometry. Investigations of how the maximmn
scan angle is alfected by far-field approximation and by the number of {aces are also
presented.

The second stage focuses on the design of the circularly polarized circular patch
antenna element. Its polarization purity is investigated over angular sectors about
broadside. The results show that there i1s a well-delined optimal patch size which
produces extremely pure polarization. This size corresponds to specific low values of
the relative substrate permittivity.

The third stage deals with the design of the planar array supported by each of
the antenna faces. It presents a comparison between the two methods typically used
to compute the clement spacing over all coverage ranges and using different antenna
configurations.

The (inal stage presents a performance evaluation {ramework which compares pla-
nar, pyramidal, and pyramidal {rustum arrays. Four increasingly detailed levels of
evaluation are performed: using the geometric structure only; then incorporating the

array [actor; and [inally including both the modelled; and the simulated element
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patterns. The results demonstrate that the performance advantages of multi-faceted
arrays over planar arrays increase as the coverage range becomes wider and/or closer
to horizon, and when the directional radiation characteristics of the antenna clement
arc considered. They also show that no clear improvement is gained by using more
than about 10 faces, given the added area, cost, and complexity involved. Morcover,
under most circumstances, there is no significant difference in performance among

pyvramids with 4 to 7 faces or among pyramidal {rusta with 5 to 9 faces.

Keywords: Antennas, phased array antennas, microstrip antennas, hemispherical

coverage, maximum scan angle.
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Chapter 1
Introduction

Hemispherical scan coverage refers to the ability to position the antenna beam, and
hence transmit or receive a communication signal using the gain of the beam, in
any direction above horizon. It is required for many applications such as satellite
communications, including navigation and search and rescue systemns, surveillance
and tracking systemws, radio astronomy, and military warning systems. One way to
achieve hemispherical scan coverage is to use multiple, adequately positioned, phased
array antennas, i.c., multi-faceted antenna arrays.

This research involves the desien of multi-faceted antenna arrays for hemispherical
scan coverage. The benefits and structure of multi-faceted antenna arrays are first
described, followed by an overview of their existing and potential applications. The
motivations for this rescarch are then identified; and the original contributions are

briefly outlined.

1.1 Phased Array Antennas

A phased array antenna consists of multiple stationary antennas, called antenna cl-
ements, In a transmitting antenna, each clement is excited using an clectric current
with a possibly variable amplitude and/or variable phase or time delay. Manipulation
of the relative amplitudes of element excitations allows shaping the far-field pattern

produced by the array. On the other hand, manipulation of the relative time delays



CHAPTER 1. INTRODUCTION 2

allows scanning, or directing, the beamn produced by the array to diflerent directions
n space.

Antenna arrays can by used instead of fixed aperture antennas, such as reflectors,
in a varicty of applications. This is due to their ability to: (a) realize apertures that
may be expensive, difficult, or even impossible to realize using a single fixed aperture
antenna; (b) allow shaping of the far-field pattern; and (¢) produce beams that can
be re-positioned clectronically.

Large apertures are required to achieve high spatial resolution in radio astronomy
applications, for example, where the requircinent of aperture diameters of several
kilometers is not uncommon [Fourikis, 1997]. Realizing such large apertures would be
practically impossible, let alone mechanically steering them toward specific directions.
Fven if it were possible, the cost would be prohibitive, as the aperture area is typically
dircctly related to cost. In such scenarios, thinned array antennas can be used. where
the extent of thinning can be governed by the system budget. For example, the very
large array (VLA) radio astronomy lacility [Napier et al., 1983] consists of 27 25-meter
reflector antennas arranged 1 a Y-shaped array. The length of cach arm of the Y is
about 21 kilometers.

Array antennas can also be used to produce far-field patterns with highly directive
main beams and low side lobes, required by satellite ground stations, for example.
They can be less expensive than fixed apertures and casy to manufacture, e.g., using
microstrip antenna elements.  Morcover, the electronic scanning capability of array
antennas makes them suitable for surveillance and radar applications. For example,
they can replace the reflectors which are continuously mechanically-rotated in azimuth
to perform detection and tracking at airports. Electronic scanning can be done much
faster than mechanical steering, while requiring minimal maintenance.

The main disadvantage of array antennas is the deforuation of the far-field patiern
as the main beam is scanned away from the broadside direction (perpendicular to the
array). As the scan angle increases, the antenna gain decreases and the width of its
main beam increases. This drawback can be alleviated to a great extent by using

multi-facceted arrays.
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The receive performance of high gain antenna arrays is often measured as a signal-
to-noise ratio, or specifically as the gain-to-noisc temperature ratio, G/T. The gain is
achieved by the structure of the antenna, comprising the array directivity and elerment
gain, and is reduced by factors such as mutual coupling, clement ohiic loss, feed ohmic
loss, and impedance mismatch (linked somewhat to the ntual coupling). The noise
temperature has contributions from how the receiving bea is illuminated by noise
sources (antenna noise); for example the sky has a temperature of about 3°K, and the
carth is about 290°K. The temperature also has contributions from ohmic losses in
the clements and in the feed between the elements and the receiver, and finally from
the recetver itself. So losses are iimportant because they contribute twice in the G/T
performarnce metric- both in reducing the gain and also in inereasing the noise power.
For example, a 2dB loss in cach of the elements with feeds will contribute -2dB to
the gain and +2dB to the noise, so the G/T changes by -4dB. In this thesis, these
losses are not explored further; the rescarch cmphasis is directed towards the array
geometric configuration and the performance metric is generally confined to only the
geometric directivity. For the element example, discussed in Chapter 3, again the
ohmic losses are not addressed, just the polarization loss in the sense of optimizing
the polarization purity, and the feeding accuracy for the circular polarization modes.
So the performance metrics in this thesis are essentially independent of the losses
in the feeds and clements.  However, the choice of substrate permittivity for the
element size, addressed in Cliapter 3, has some impact on the losses in the sense that
this choice influences the choice of substrate (and the substrate losses) and may also
allect the mutual coupling, depending on how the antennas are built. 1t should also be
noted that the scan loss, which is modelled here from established experimental results,
actually includes some muatual coupling impact. To summarize, it is emphasized that
it 1s the array geometry that is being addressed, and that the clement, feed and mutual
coupling losses are not treated directly in this thesis.

The thesis also focuses on high directivity (about 20dB or higher) arrays. This
means that obstacles and the mounting platform do not have a major mpact on
the beams, with the possible exception of the details such as the ofl-beam cross-

polarization of Chapter 3. For low directivity arrays (about 10dB or lower) there are
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fewer clements of course and the impact of nearby physical obstacles and the likely
stronger presence of the far field intersecting the carth, will be greater than for the
high directivity case. So the low gain array has some different design issues {rom the
high gain array, and the specific issues for low gain design are not explicitly addressed

in the thesis.

1.1.1 Multi-Faceted Antenna Arrays

In order for a single planar array to allow [ull elevation and azimuth, or full hemi-

spherical coverage, expressed as:
LT ,
{(6.9):0€[0.5].¢ € 0.2m)}, (1.1)

its main beam will need to be scanned by up to 90° away [rom broadside. In practice,
however, the losses incurred when the main beam is scanned to such an extent are
prohibitive, as outlined in Section A.5.3. Multi-faceted antenna arrays are composed
of multiple, adequately arranged, phased array antennas. They allow sectoral cov-
crage, where the hemispherical coverage requirement in (1.1) is divided among the
antenna laces. Sectoral coverage significantly reduces the angular interval over which
the main beam from each array is to be scanned, and consequently the losses are
reduced, relative to a single planar array.

This work concerns two classes of multi-faceted antenna arrays, namely, pyramids

and pyramidal [rusta. Sample schematics of both structures are shown in Figure 1.1,

(a) 5-face pyramid (h) 6-face pyramidal frustum

Figure 1.1: Schematics of a 5-face pyramidal and a 6-face pyramidal {rustum antenna
array.
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In the figure, cach face supports a planar array with a circular aperture. However,
in practice, any aperture shape inay be used. The individual antenna elements arc
shown as dots. Moreover, the planar f{acets need not be connected, and may be
spatially distributed such as on a ship board, c.g., [Felstead, 2000], instead. Such
arrangements still “logically” resemble pyramids (a collection of tilted side-facing
arrays) or pyramidal frusta (multiple tilted side-facing arrays plus a zenith-facing
array). Therefore, almost all the results derived for pyramids and pyramidal frusta
apply to these arrangements, and the terms pyramids and pyramidal {rusta are used

here (o refer »oth connected and non-connected arrays.
here t fer to both connected and 1 nected arrays

1.1.2 Conformal Antenna Arrays

Conformal antenna arrays present an alternative for achieving hemispherical scan cov-
erage. They include singly- or doubly-curved surfaces, such as cylinders and spheres,
respectively. Conformal arrays may also be approximated by planar facets, such as
the half-sphere approximation proposed in [Brandwood, 1998] and the cone approxi-
mation used in [Caille et al., 2002].

Both conformal and multi-faceted arrays have their advantages and disadvantages.
Multi-faceted arrays inherit from planar arrays, and thus their advantages over con-
formal arrays include: well-established technologies that have matured over the past
few decades, simpler analysis, simpler beam control, lower cross polarization, and cas-
ier manufacturing and packaging of their electronic components using printed circuit
technology. Conformal arrays, on the other hand, offer relatively lower scan losses and
wider bandwidth than multi-faceted arrays [Josefsson and Persson, 2006], in addition,
of course, to their ability to scamlessly conform to acrodynamic structures. The scope

of this work is limited to the multi-faceted arrays.

1.2 Applications of Multi-Faceted Antenna Arrays

[Sarly applications of multi-faceted antenna arrays were limited to defense systems.

However, as the cost of antenna arrays continues to decrease, applications now include
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civilian and commercial systems, as claborated below and summarized in Table 1.1.

Examples of existing applications include the missile site radar (MSR) system
and the PAVE phased array warning system (PAWS). The MSR system, built in the
1970s, provides hemispherical coverage. It is a 4-face pyramid supporting identical
planar arrays each containing 5000 radiating clements and has a diameter of about 4
meters and a face elevation angle of 65° [Bell Laboratories, 1975]. The PAVE PAWS
system was designed for warning of missiles and satellite tracking [Hoft, 1978]. It is
composcd of two arrays which together cover 240° in azimuth (i.e.. 2 faces of a 3-face

pyramid). Each array has a diameter of about 31 meters and contains 1792 crossed

dipoles over a conducting ground plane [Fourikis, 1997].
o O b

Table 1.1: IExamples of existing and potential applications of multi-faceted antenna

ArTays.
Arca ﬂ Applications
Military and e Missile site radar system [Bell Laboratories, 1975].
defense PAVE PAWS warning system [Hoft, 1978].
Satellite e High-performance GPS recciver for radio navigation and
communications landing help at commercial airports [Padros et al., 1997].
e LEO satellites [Caille et al., 2002].
Mobile o Conununication to landrovers moving over rough terrain
satellite [Brandwood, 1998].
communications || ¢ Multiple Shipboard SATCOM antennas [Felstead, 2000]
e Satellite tracking for acronautical SATCOM
[Miura ot al., 2002].
e Replacing motorized gimbaled reflector antennas
(Targonski, 2004] for SOTM.
Radar e Horizon [Trunk and Patel, 1997] and volume-scanning
surveillance [Waters et al., 1998], [Trunk, 2003].
e Shipboard and tand-based antennas for tracking and
discrimination [Jablon and Agrawal, 2006].
Wireless LANs o Remote terminals of indoor wircless LAN systems
[Ihara et al., 1997].
Radio astronomy || @ Replacement for NASA’s Deep Space Network 70-nieter

reflector antenna [Jamnejad et al., 2002].
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The use of multi-faceted antenna arrays has also been proposed for a variety of
applications. Padros, et al. (1997), investigated the use of a multi-faceted antenna
composed of two stacked 6-face pyramids for a high-performance global positioning
system (GPS) receiver to be used at comunercial airports for navigation and landing
help. Caille, et al. (2002), demonstrated the use of a 24-face pyramidal antenna,
which conforms to a low carth orbit (LEO) satellite. Each array was composed of six
microstrip patch antennas. The antenna covered 360° in azimuth and 0° to 62° in cle-
vation, and allowed forming up to three siimultancous beams to enable communication
with several ground stations.

Applications in mobile satellite communications include using an antenna made up
of 6 faces of a dodecahedron (12-face polyhedron) for satellite communication (SAT-
COM) to landrovers moving over rough terrain [Brandwood, 1998], and for providing
acronautical SATCOM [Felstead, 2000], [Miura ct al., 2002]. Multi-faceted antenna ar-
rays can potentially replace motorized gimbaled reflector antennas mounted on mobile
terminals [Targonski, 2004] to provide satellite communications on-the-move (SOTM).

Multi-faceted antenna arrayvs were also proposed for use as active phased array
radars. Applications include horizon surveillance [Trunk and Patel, 1997] (i.c., scan-
ning in azimuth only), volume-scanning surveillance [Waters et al., 1998], [Trunk,
2003], and shipboard and land-based tracking and discrimination [Jablon and Agrawal,
2006] (the coverage requirement per face of the former exceeds that of the latter).

The use of a 4-face pyramidal array for remote terminals of indoor wireless LAN
systems was demonstrated in [Thara et al., 1997], where circularly polarized patch an-
tenna clements were used Lo suppress unwanted multi-path. Jamnejad, et al. (2002),
Investigated the use of a 4-face pyvramid and a 7-face pyramidal {rustuin antenna to
replace the current 70-meter reflector antenna used for NASA’s Deep Space Network
[lmbriale, 2003]. Finally, multi-faceted arrays may be used in smart antenna systems,
where multiple independent beams may be produced simultancously by a single or
multiple faces.

As a final note on applications, it should be noted that the indoor propagation
environment is very different from that of satellite and most radar environments. For

indoor, there is dense multipath. Different beamforming algorithms would probably
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be nsed (for example optimal combining), and the number of uncorrelated elements
becomes more important than the size of the array aperture, for the performance.
However, for future systems. we can expect much higher frequencies than are currently
used for indoor systems. In this case, the spatially directive beams, addressed in this
thesis, may have an advantage, because they would be able to illuminate selectively the
individual target users in a room, and this would give a simple method of increasing
the Signal-to-Noise-plus-Interference Ratio (SNIR) for cach link and therefore increase

the system capacity.

1.3 Motivation and Approach

Antenna arrays make different forms of wireless communication possible. Research in
the arca of antennas and antenna arrays, in general, is {ueled by the need for more
cfficient and compact antenna systems. Such systems are required to satisfy an ever
increasing demand for high bandwidth wireless applications from a rapidly growing
customer base.

In particular, this research is motivated by the need for hemispherical scan cover-
age for many communications applications, and the ability to achieve it using multi-
faceted antenna arrays, as claborated in Section 1.2, Research in multi-faceted an-
tenna arrays and their applications started as early as the 1960s, c.g. [Knittel, 1965]
and [Kefalas, 1965], and continues to be active, ¢.g. [Jablon and Agrawal, 2006], as
will be shown in Chapters 2 and 5.

This work deals with four stages involved in the design of multi-faceted antenna
arrays. The first stage is concerned with the geometric design of the antenna, which is
mainly governed by the scan coverage requirements. Concepts {rom geometric optics
arc used to determine the optimal face clevation of the antenna, faces. The work in
this stage 1s motivated by the need for optimal algorithins to determine the geometry
of pyramidal and pyramidal frustuim antenna arrays, given a general hemispherical
coverage requirenient. More details about previous work in this stage are be given in
Chapter 2.

The second stage focuses on the design of the antenna element used here, which is
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the circularly polarized circular patch antenna. The use of the circular patch antenna
1s motivated by its low profile, light weight, compactness, and ease of manufacturing
and integration with other cirenit elements [Waterhouse, 2003]. Circular polarization
is essential for many applications, such as satellite communications, as will be shown in
Chapter 3. The investigation of the circular polarization purity of the patch antenna
is motivated by the lack of such a study in the literature and its importance for
designing multi-faceted antenna arrays.

The third stage deals with the design of the individual antenna array, which is
supported by cach of the antenna faces. The design of phased array antennas is a very
extensive and mature rescarch area that has been addressed by numerons excellent
texts, e.g., [Mailloux, 1994] and [Hansen, 1998]. Therefore, the work in this stage
aims at choosing the array parameters that suit the nature of multi-faceted antennas,
and assessing the state of the art in this area.

The final stage involves the evaluation of the performance of multi-faceted antenna
arrays. ['he evaluation aspect of this work is motivated by the lack of a comprehensive
framework that uses widely apphicable cost functions to compare the performance of
planar, pyramidal, and pyramidal frustum antenna arrays. As will be elaborated in
Chapter 5, previous work only dealt with a limited number of antenna structures,
mostly pyramids, and often presented results that are only usefnl for the underlying

case studies.,

1.4 Contributions

Designing any antenna requires multiple experimental iterations. This rescarch builds
upon and mmproves the state of the art in designing mnlti-faceted antenna arrays,
and aiis at providing cfficient paths to first cut designs to minimize the munber of
experimental iterations. The contributions of this rescarch to the four design stages
outlimed in Scction 1.3, are briefly introduced here and elaborated i the following

chapters. They include:

e Siiple and novel methods to determine the optimal geometry of pyramids and
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pyvramidal frusta given a general hemispherical scan coverage requirement, and
investigations of how the maximun scan angle is aflected by the far-field ap-

proximation and by the munber of faces.

e An investigation of the circular polarization purity of the circular patch an-
tenna over angular sectors about the antenna broadside and its relationship to
the patch size and construction. The results presented are not only applicable
to multi-faceted antennas, but also to a wide variety of wircless and mobile

commuiications applications that use circular polarization.

o A comparison between the two methods typically used to compute the element
spacing in the individual face arrays over all valid hemispherical coverage ranges

and how they arc aflected by the number of faces.

o A performance cvaluation framework which compares planar, pyramidal, and
pyramidal frustum antenna arrays al four increasingly detailed levels. The levels
include using the geometric structure only, then incorporating the isotropic array
factor, and {inally including both the modelled and simulated far-ficld patterns

of the patch antenna clement.

1.5 Organization of The Thesis

This thesis is organized as follows. Chapters 2 through 5 present the contributions
of this work to the four design stages. Detailed information about previous work in
cach stage is presented in the respective chapter. Chapter 2 involves the geometric
design of pyramidal and pyramidal frustium antenna arrays and introduces new tech-
niques to determine their optimal configurations. Chapter 3 investigates the circularly
polarized circular pateh antenna used as the antenna clement, presents a thorough
evalnation of its polarization performance, and outlines the criteria for selecting the
patch dimensions that optimize polarization purity. Chapter 4 focnses on the design

ol the planar arrays supported by the antenna faces and explains how to select the
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array parameters of multi-faceted antenna arrays for the purpose of performance eval-
uation. Chapter 5 presents the comprehensive evaluation {ramework used to compare
the performance of planar, pyramidal, and pyramidal frustum antenna arrays. A
summary of contributions and conclusions are given in Chapter 6.

Three appendices are provided.  Appendix A presents some basic background
information in the theory of antennas and antenna arrays which is {requently referred
to throughout the thesis. Appendix B presents information about the numerical
methods used in the geowetric design stage. Finally, Appendix C describes how the
dimensions of pyramids and pyramidal frusta are computed for use in the geometric

design and performance evaluation stages.



Chapter 2

Geometric Design of Multi-Faceted
Arrays

This chapter addresses the problem of optimizing the geometric design of multi-faceted
antenna arrays. Two classes of multi-faceted antenna arrays are considered, naely,
pyramids and pyramidal frusta. The optimization involves choosing the face elevation
which minimizes the overall maximum scan angle encountered by the arrays, given
a general hemispherical scan coverage requirement. Firstly, the geometric structure
of the antenna arrays and the corresponding sectoral coverage criteria are described.
Secondly, an overview of previous research in this area is presented. Thirdly, two
methods for determining the optimal face elevation of the arrays are described and
compared. The first method is based on the traditional approach of equalizing the
maximuin scan angles. The sccond method introduces a novel approach based on
minimax optimization. Finally, a discussion of the lower bounds on the maximum
scan angles, and how the maximum scan angle is aflected by the munber of faces in

cach structure is presented.

2.1 Antenna Structure and Scan Requirement

A multi-faceted antenna array is simply a convex polvhedron. A polyhedron is a

three-dimensional solid that consists of polygous joined at their edges. A line that

12
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connects anv two non-coplanar points on the surface of a convex polyhedron always
lies within the interior of the polyhedron. This work is only concerned with two classes
of convex polyhedra, namely, regular right pyramids and their frusta.

A regular right pyramid (or pyramid for brevity) is a polyhedron where: (a) one
face, the base, is a regular N-sided polygon, (b) all other N side faces are identical
isosceles triangles that meet at a common apex, and (¢) the axis connecting the
apex and the centroid of the base is perpendicular to the base [Weisstein, 2003]. A
pyramidal antenna array supports arrays on its side faces. An example of a 5-face
pyramid is shown in Figure 2.1(a).

On the other hand, the frustum of a regular right pyramid (or pyramidal frustum
for brevity) is a frustum made by truncating the top of the pyramid. The base and
top faces arc regular (N — 1)—51(10(1 polygons, while the (N — 1) side faces are isosceles
trapezoids. In a pyramidal {rustum structure, antenna arrays are mounted on the side
faces, as well as the top face of the pyramid. The addition of the top array reduces the
elevation scan requirement for the side arrays, and hence reduces the overall maximun
scan angle. Figure 2.1(b) illustrates an example of a 6-face pyramidal frustum.

Without loss of generality, it can be assumed that the base of either structure lies
in the zy-plane, its axis is the z-axis, and its first side face is aligned with the 2z-plane

as shiown in Figure 2.1. Morcover, cach side face subtends an azimuthal angle, o,

2n/N Y 2n/(N=T) >~ Y

(a) d5-face pyramid (N=5) (b) 6-face pyramidal frustum (N=6)

Figure 2.1: The structure of (a) the pyramidal and (b) the pyramidal frustum auntenna
array. Both antenna arrays occupy a footprint of the same radius and use the optimal
face clevation. Each structure supports identical arrays on all of its faces.
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which is given by:

’ 2{ for a pyramid,
=14 (2.1)

2 . .
(\“—”l) for a pyramidal frustum,

where NV s the total number of faces (or arrays) in the structure.
Figures 2.2(a) and 2.2(b) illustrate the full and general hemispherical scan cov-
crage requirements, respectively. Using spherical coordinates, general hemispherical

coverage can be expressed as the angular iterval:
[6.6) 0 €[0,,0,),0 < 6, <8, < gd) € 10,2m)). (2.2)

For full (zenith to horizon) coverage, #;=0 and f;=7r/2. Using a pyramidal array, the
scan requirement is divided among the N side faces of the pyramid using a simple
criterion: use face 7 when ¢ € ((i — 1)37,i%F], regardless of 6. This criterion is
illustrated in Figures 2.2(¢) and 2.2(d) for the 5-face pyramid in Figure 2.1(a). The

coverage arca of cach face is bordered by thick lines.

Figure 2.2: Ilustration of the (a) full, and (b) general hemispherical scan coverage
requircinient, and the corresponding sectoral coverage criteria using a 5-face pyramid
(¢ and d), and a 6-face pyramidal frustum (¢ and [).
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For the pyramidal frustum, face 1 (the top face) is used when 6 € [0, 6,), while

the ith side face, i=2... N, is used when 6 € [6,.6,] and ¢ € (i — 2)% (1 —1) 1\?7:1].

These criteria are shown in Figures 2.2(c¢) and 2.2(f) for the 6-face frustum in Figure
2.1(h), for the full and general coverage reguirements, respectively. The value of 6,
is set such that the maximum scan angle is minimized. Other criteria for sectoral
coverage by the pyramidal frustum were used in [Knittel, 1965]. However, the criteria

used here, which are the same as in [Kmetzo, 1967], are simpler.

2.2 Previous Work

Rescarch in optimizing the geometry of pyramidal and pyramidal frustum antenna
arrays began as carly as the 1960s and has continued to be active since then. The
optimization process involves choosing the elevation angle, ¢, of the side faces of
cither structure. This was typically accomplished by equalizing the maximum off-axis
scan angles, in order to minimize the overall maximum scan angle, ~. This approach
is referred to below as the equalization-based approach. Determining the optimal
number of faces of pyramids and pyramidal frusta is a more involved process, that
can be approached using many different figures of merit, e.g., scan loss and number
of antenna clements. A detailed discussion of this process is given in Chapter 5.

Knittel (1965) computed the face clevation of 3- and 4-face pyramids and 5- and
6-face pyramidal {rusta, with the aid of stereographic projection, given a full hemi-
spherical scan coverage requirement. Kimetzo (1967) used geometric transformations
to determine the face tilt (which is the complementary angle of ) of N-face pyra-
mids and N-face pyramidal frusta. He only considered full hemispherical coverage
and showed that as N — oc, the maxinum scan angles can not be reduced beyond
45° and 30° for the pyramids and pyramidal frusta, respectively.

Corey (1985) proposed a graphical, iterative technique to determine the face eleva-
tion and clement spacing of a single phased array for a given scan requirement (This
single array can represent one face in a multi-faceted antenna). A graph is obtained

by projecting the scan requirement for the array on the plane, and the face elevation
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is determined graphically based one of two criteria. The first criterion involves min-
Imizing the maximum scan angle, while the other criterion involves minimizing the
total number of array elements (i.c., maximizing the clement spacing), such that grat-
ing lobes do not appear in visible space. The designs resulting from the two criteria
are not the same. In other words, the former is equalization-based, while the latter is
not. The latter criterion results in a larger maximum scan angle, and hence more scan
losses, as will be seen in Chapter 5. Waters, ot al. (1998) applied Corey’s method
to determine the face clevation of 3-, 4-, and 5-face pyramidal active array radars
for coverage extending from zenith (6,=0°) to horizon (6,=90°) or to 43° elevation
(0,=45).

Felstead (2000) used an approach similar to that of Kinetzo to compute the cle-
vation of collections of 3-; 4-, and 5-side facing antennas and 3-, 4-, and 5-side facing
antennas plus a zenith-facing antenna, distributed around a ship. The geometry is
thus equivalent to that of pyramids and pyramidal frusta, respectively. He considered
full hemispherical coverage with and without roll and pitch effects. He determined
the elevation angles numerically using a symbolic mathematics software. Jablon and
Agrawal (2004) provided an expression to compute the face clevation of N-face pyra-
mids given a general hemispherical coverage requirement. Their derivation was based
on Kmetzo’s technique and was provided in [Jablon and Agrawal, 2006]. They also
used Corey’s graphical approach to determine the face elevation which maximizes the
clement spacing for 3- and 4-face pyramds.

The contributions of previous research are summarized in Table 2.1. The table
shows that the face elevation of N-face pyramidal frusta for the case of genceral hemi-
spherical coverage requirement has not been addressed before. It will be addressed in
Section 2.3. It also shows that almost all methods are equalization-based, except for
Corey’s method that maximizes the clement spacing at the expense of a larger maxi-
mum scan angle. It will be demonstrated in Section 2.3.2 that the equalization-based

approach is not always optimal, and a new optimal approach will be presented.
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Table 2.1: A summary of previous work in determining the face elevation of pyramidal
and pyranidal frustum antenna arrays.

Source “ Structure [ Coverage ] Approach l
Knittel (1965) 3- and 4-face pyramids and | Full LEqualization-based
5 and 6-face pyvramidal
frusta
Kmetzo (1967) N-face pyramids and N-face | Full Equalization-based
pvramidal frusta
Corey (1985) A single array General | Equalization-based

or maximum cle-
ment spacing’
Felstead (2000) 3-, 4- and 5-face pyramids | General Equalization-based
and 4-, 5- and 6-face pyra-
midal frusta

Jablon and || N-face pyramids General | Ilqualization-based
Agrawal (2004)

T The maximum clement spacing criterion is explained in Section 2.2,

2.3 Optimal Face Elevation

The face elevation. ¢, of the side faces of the pyramid or the pyramidal frustum
minimizes the overall maximum scan angle, . The subscripts “p” and *f7 are used
below to refer to the pyramid and the frustum, respectively. This section presents a
direct approach to determine the face clevation of N-face pyramids, v, that is simpler
than that used in [Kmetzo, 1967] and [Jablon and Agrawal, 2006]. The approach is
then extended to N-face pyramidal frusta, and is applicable to both [ull and general
hemispherical coverage.

In a pyramidal structure. since all of the side faces are identical, 7, is the maximum
scan angle encountered by any of the faces. IMigures 2.3(a) and 2.3(b) depict the
geometry of the whole pyramid and its first face, respectively. The face elevation
angle v,=Zopip, and the corresponding normal vector to the face, 7, , are shown in
Figure 2.3(c).

If full hemispherical coverage is required, it is clear that the maximum scan angle
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2n/N

(a) Pyramid (b) First face (¢) Face clevation

Figure 2.3: The geometry ol a pyramidal array: (a) a 3-face pyramid, (b) the first
pyramid face and clevation scan requirement, 6, and 6, and (¢) the face clevation
and face normal vector.

occurs when the main beam is scanned from the broadside direction, n,,. to either
of the three directions op), ops, or opy. These directions correspond to the (6, ¢)
pairs: (0,0), (5,0), and (%, %\5) On the other hand, for the case of gencral coverage,
v, occurs when the antenna beam is scanned from broadside to the corners of the
coverage area of the face, Le., the (6, ¢) pairs: (6,0), (61, 3F). (02.0), and (02, 3F).
Owing to symmetry about the shaded plane Aopypy, only two directions need to be
considered. In other words, 7, occurs when the beam is scanned from n,, to either
U1 or 9. Assuming that the distance from the target to the antenna is sufficiently
large, and hence, the antenna dimensions can be neglected (far-field case), these unit
veetors are given by:

~

e ociny ah & [y e iy
COS & ST 4 81w SIN YRl + COS Py 2,

e (2.3)

0, = sinfr -+ cosb;z, i=1,2,

where &, ¢, and 2 are unit vectors along the x. y, and z axes, respectively. The

maximum scan angle of the pyramid, 5,, is thus given by the max-function, e.g.,

[Borwein and Lewts, 2000]:

Yp = Max v, (2.4)
i=

where

L VT . o
Vp, = COS Ry, U = COS COS —= SIN 47, s11 0, + cos 1, cosb; ). (2.5)
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Similarly, for the pyramidal frustum, the overall maximum scan angle, vy, is the
maximum of the scan angle encountered by the top face and that encountered by
any of the side faces. Figure 2.4 depicts the first (top) and second (side) faces of the
frustum. For the top face, the maximun scan angle occurs when the antenna beam is
scanned from the broadside direction (or zenith), ny, =2, to the borders of its coverage
arca, 1y and @,. However, since 67 < 6, only 0, needs to be considered. Therefore,

the maximum scan angle for the top face is:

v = cos Uiy = cos Teosly, = 6, (2.6)

For the side face, owing to the symmetry about the shaded plane, which contains
the face elevation angle vp=Zopsp;, maximun scan occurs when the antenna beamn

1s scanned {rom the broadside dircction, ny,, to either ¢, or ©,, where,

ng = COS 7 sl (3RS sin w7 sin Yy +cosvrz, (2.7)

Uy, = sin Hg)I + cos B,z
and o, is given in (2.3). Therefore. the maximum scan angle for the side face is the
largest of either:

Y = cos™! ng.t, = cos ! ((os - Sin s sin gy, + cos vy cos Hb) .

e s A B = g
Y = COST g,y = COS ((()s\ lsmz/fsmﬁz+(os1’f((>s9)

Figure 2.4: The geometry of a pyramidal frustum. The face clevation, v, is measured
in the shaded planc as Zopap,. In the az-plane. #) and 6, denote the elevation scan
requirement. The angle 6, defines the border between the coverage arcas of the top

and side faces.
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Thus, the maximum scan angle of the pyramidal frustum, «;, is given by the max-

function:

—

vp = Max . 2.6
;= Wax g, (2.9)

’

.

2.3.1 The Equalization-Based Approach
Pyramidal Arrays

In previous rescarch, e.g.. [Kinetzo, 1967]. [Corey, 1985], [Jablon and Agrawal, 2006],
[Khalifa and Vaughan, 2006b], the face clevation was obtained by equalizing the max-
imum ofl-axis scan angles. For the pyramidal antenna array, this is done by equating
the angles v, and 5, given by (2.5). The resulting face clevation and maxinmim
scan angle for general hemispherical coverage are computed as follows [Khalifa and
Vaughan, 2006b]. Since the number of faces of the pyramid, N, is at least 3, then
Yp and 7, arc acute angles. Moreover, since the cosine function is monotonically de-
1

creasing in the interval [0°,90°], then instead of equating cos ™' 7, .t and cos ', 1,

one can (‘(11181 e:

Tip U1 = Ty U2
e T gl ad A — e Toain 0h .l . YO8 1 COS y
cos 5 Siny, sin ) + cos v, cos B = cos L sin e, sinfy + cos ¥, cos Oy (2.10)
sin, cos 1 (sin @y —sinfy) = cosy,(costh — cosOy).

Therefore, the face elevation and the corresponding scan angle are given by:

) = {an 1 cos B cosOy

p T e cos %(sin #y--sindy)” (211)
. —  coe Yeae ot 1o N e

Yp = Cos (u).s X Sy, sin @) + cosy, cos 61) .

Figures 2.5(a) and 2.5(b) plot the face elevation, ¢, and the maximumn scan angle,
Yps of the pyramid versus 2V, respectively, for four different coverage ranges. The figure
shows that ¢, and v, decrease ags N increases. However, the rate of decrease becomes

negligible for N larger than about 7.

Pyramidal Frustum Arrays

For the pyramidal frustum, only the full hemispherical coverage requirement has been

treated [Kinetzo, 1967], while the general coverage case has not been addressed before.
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Figure 2.5: The relationship between (a) the face elevation angle and (b) the maximum
O

scan angle of the pyramidal array and the total number of faces. Four diflerent
coverage ranges are considered. 19, and v, are computed using the equalization-based
approach.

It is treated here as follows. For general coverage, ¢y and 7 are found by equating the
three angles vy, ©=1,2,3, given by (2.6) and (2.8). Since all three angles are acute,
the cosine function is monotonically decreasing, and hence ¢ is found by setting
€os 7Yy, =C0s g, =cos yf,. This results in a system of two non-lincar equations in the

two unknowns ¢y and 6y:

cos 777 sin s sin Gy + cos iy cos By, = cos b,
(2.12)

cos 7 SNy sin by + cosypcosy = costh,.
The maximun scan angle, 75, thus becomes equal to 8, which defines the border
between the coverage arcas of the top and side faces, as can be scen from (2.6).

A simple closed-form solution of (2.12) is only possible for the case of full coverage,
te., when #) = 0 and 6y = 7/2, as in [Kwmetzo, 1967]. Using substitution, (2.12)
reduces to a gquadratic equation in 6, which can be casily solved. However, attempting
to solve the equations for the case of general coverage using substitution, results in
a complicated high degree polynomial, to which a simple closed-form solution doces
not exist. In other words, an analvtic solution may exist, but it is so involved that it
is neither intuitive nor tractable. This is why the system in (2.12) should be solved

numerically or graphically. It is solved here munerically as described in Appendix B.
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Figures 2.6(a) and 2.6(b) depict the relationship between ¢y and 5 of the pyra-
midal frustum versus N, respectively, for four different coverage ranges. Similar to
Figure 2.5, this figure shows that vy decreases as N increases, and that the rate
of decrease becomes negligible for N larger than about 10. By comparing Figures
2.5(b) and 2.6(b), one can sce that as N increases, pyvramidal {rusta provide a larger
reduction in v than pyramids.

Note that the minimum zenith angle, 61, does not appear explicitly in (2.12).
Instead, it appears as a coustraint on its solution, #; <, < #,. Therefore, for a given
value of Oy vy, 6, and 5 do not change, regardless of #;. In other words, for any
coverage range of the form [0y, 60y], ¢rs, 6, and ¢ are the same as those found for the

coverage range [0. 6], i.c.,

Uyloc(,04) Urlocio, 0.,

Ovlocio, Onlocio, 0, (2.13)

Y floelo,62) ”/f|0c[01,02J-

This is why the curves for the coverage ranges [0°,90°] and [10°,90°] in Figure 2.6 are
identical.
Given the constraint 8y < 6, < 6,, a feasible (1270 and 6,#6,) solution of (2.12)

may not exist for some coverage ranges. Using (2.13), for the coverage range [0, 02],

<0, = - ry 70 = =
= & ge[0,90] g -8 0c[07,90)
$ e V- 6e[0.80] g V- 0<[0.80]
g Q) - 9c[10°.90] bl —*- 0c[10,90]]
SRR A -0- 615,70 g 59 -O- 8e[15.,70)
s N S [=
§ o, V\_V . S
T €0 s - 40
2 O“--O Vv gege g B
5] Y T E .
-
§ 50 -0~ E 30 :7
- 3
4% 12 = 20 12

6 8 10 6 ) 10
Total number of faces, N Total number of faces, N

(a) Face elevation, vy, v, N (b) Maximum scan angle, vf vs. N

Figure 2.6: The relationship between (a) the face elevation angle and (b) the maximum
scan angle of pyramidal frusta and the total number of faces. Four dilferent coverage
ranges are considered. vy and vy are computed using the equalization-based approach.
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if 4, is chosen such that:
0 > Oblocio.): (2.14)

then a feasible solution will not exist. For example, when N=4 and 6,=90°, then
0,=60.3°. Therefore, a feasible solution of (2.12) cannot be found for coverage ranges
[61,90°], where 6y > 60.3°. The lack of a feasible solution indicates that a pyramidal
array should be used instead, since the coverage range lies so far below zenith that

the use of the top face becomes nnuecessary.

2.3.2 The Minimax-Based Approach

The problem of finding the optimal {ace clevation which minimizes the maximum
scan angle may be expressed as a minimax (or min-max) optimization problem, c.g.,

[Giorgi et al., 2004]. For the pyramidal antenna array, the problem is defined as:

1 R 1 av oA - r
min_7y, = min_ max y,; (2.15)
0<p 3 Osipss =12

and for the more complicated case of the pyramidal frustuim, the problem is defined

as:
min - yy = min nax. yy,. (2.16)
0y =ity 0<yy <0 i=1,2.3
0 <O, <02 01 <0p <02

Minimax optimization problems are typically solved mnnerically, c.g., [Madsen and
Schjar-Jacobsen, 1977].

Note that, unlike the equalization-based approach, a feasible solution of (2.16)
always exists for any valid coverage range. In such cases, when the solution of (2.12)
is infeasible, the solution of (2.16) has 6,=6,. This indicates that the top face is not
needed, i.e.; a pyramid rather than a pyramidal frustum should be used. Information
about the munerical methods used to solve (2.15) and (2.16) is given in Appendix B.

The values of ¢ and « obtained by solving (2.15) and (2.16) are not always the
same as those found using the equalization-based approach (Section 2.3.1). In fact, in
many cases, the minimax-based approach results in lower (i.e., better) values of v, as
will be claborated in Section 2.3.3. In other words, the equalization-based approach

does not always give the optimal values of ¢ and v, An example i1s shown in Figure 2.7,
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It plots the individual scan angles, v, and ~,,, as well as their maximum, v, versus
the face elevation of a 3-face pyramidal array. The minimax-based solution is denoted
bY Yo and the equalization-based solution is denoted by v, . For full hemispherical
coverage, Figure 2.7(a) shows that the two solutions are identical. However, for the
coverage range [0°,40°], the minimax-based solution is lower by over 2°, as shown in
Figure 2.7(b).

A similar example can be given for the pyramidal frustum. For a 4-face {rustum,
a coverage range of [0°,90°] gives 5 =7y, =60.3°. On the other hand, for the range
[0°,40°], ¥4,..,=33.8° and 7y, =40°. i.c., the minimax-hased approach provides a saving
of over 6% in the maximum scan angle. A graphical illustration of this example will not
be as simple as that shown in Figure 2.7 for the pyramidal array. This is because the
individual scan angles, vy, vy,, and vp,, as well as their maximum, vy, are functions

ol two variables, 1y and f,, not just one, as in the case of the pyramid.

¥
n i Pra
' ' 2
CD ol - »
5 5 l P
« a) -
Z2 h=A ol
@ 235 — 7
(=] [=2]
s & ,
= 3 c 30 K
3 3 -
0 25 'S
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o 40 50 60 70 80 2 10 20 30 40 50
Face elevation, v, (degrees) Face elevation, zyp (degrees)
(a) 0 € [0’349()0} (b) o e [00,400]

Figure 2.7: Two examples illustrating when the the maximum scan angles computed
using the equalization-based and minimax-based approaches are the same and when
they are different, for a 3-face pyramidal array: (a) =, =7, when the coverage
range is [0°,90°], and (b) Vo < Ypo, When the coverage range is [0°.40°],
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2.3.3 Comparison

Figures 2.8 and 2.9 compare the equalization-based and the minimax-based approaches
described above, for pyramids and pyramidal frusta, respectively. The results pre-
sented i the figures help the antenma systemn designer decide which approach to use
in order to optimize the geometrie design of multi-faceted arrays.

The figures plot the difference between the maximum scan angles computed by the
two methods, denoted by 7.q and 7y, respectively. Both pyramidal and pyramidal
frustum arrays are considered with different values of N. All valid coverage ranges
defined by (2.2), ie., 0, < 0,, are examined with increments of 1° in both 8, and
f>. The difference is gray-scale coded. So, for example, white arcas indicate that
Yeq="Ymm, While the darkest shade of gray indicates that yeq-vmm > 10° For the

pyramidal frustum. the dotted areas in Figure 2.9 indicate the lack of a feasible
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Figure 2.8: The difference between the maximum scan angle obtained using the
cqualization-based approach, 7., and that obtained using the minimax-based ap-
proach, vum, for pyramidal arrays with different values of N. The darker the shade,
the larger the difference between vy, . and 5, . Valid coverage ranges have 6, < 8.



CHAPTER 2. GEOMETRIC DESIGN OF MULTI-FACETED ARRAYS 20

n N 7
3 3 3
3 8 H
3 > 75 S 5
2 3 g
o poA =
S < / ™ 60l
g o @
o S— =] - )
& © Yy infeasible & R infeasible 5 45 © Yyq feasible
£ e 4 s 2 = o s
2 | ® Yeq Voun >10 2 oty T 210 2 B Ty > 10
g w Sy o~y 410 g B 5<y oy, <10 S w S<y - <10
£ . 2<y oy <5 £ . 2y 95 € . 2 S5
£ O 0 T 2 £ @ 0 i 52 £ g 8 0y Y2 |
£ © Yeq™ Trum s L You = Yo | E 0
(1] 15 30 45 60 75 90 15 30 45 60 75 20 0 15 30 45 60 90
Minimum zenih angle, 8, (degrees) Minimum zenith angle, 8, (degrees) Minimum zenith angle. 8, (degrees)
(a) N=1 (b) N=> (¢) N=6
) 7 o
3 3 @
o £3 3
& 75 & 79 5 15
8 g 2
3 -] 2
= 60 <~ 60) @™ 60
£ g <
> AR ——— 2 I —— =3 A —
& 45 . y_ infeasible & 45 . y_ infeasible & 45 .y infeasible
- a = oq p= Jea
£ | w 7y ~r >10 £ = v v >10 2 " T T > 10
€ | eq 'mm € eq 'mm € ¢q ‘mm
5 30 B 5 €Y Y 510 £ 30 w5y -y <10 8 30 B 5 < T S10
E o 2 T 5 £ v 2y, <5 £ LIRS Ay
£ g 0 0y <2 E s 8 0 oy 2 £ 14 5 0, Y <2
] v o=y = e s v =y
= 9 Teq™ Ymm = 9 Teq” Yom = 2 Yoq " Tmm
0 15 30 45 60 75 90 o 15 30 s 60 75 90 0 15 30 45 60 75 9
Minimum zenith angle. 9‘ (degrees) Minimum zenith angle, o, (degrees) Minimum zenith angle, 6, (degrees)
(d) N=7 (¢) N=9 (f) N > oc

Figure 2.9: The difference between the maximum scan angle obtained using the
equalization-based approach, v.q, and that obtained using the minimax-based ap-
proach, V., for pyramidal frustum arrays with different values of N. The dotted
arcas indicate the lack of feasible solutions as deseribed by (2.14).

solution as described by (2.14).

For both classes of multi-faceted arrays, the two methods are equivalent asymp-
totically, i.e., as N — oo, as shown in Figures 2.8(f) 2.9(f). For the pyramid, Figure
2.8 shows that the two methods are equivalent at and near full hemispherical coverage
(61=0 and 0, — 7/2) for small N. However, the difference between v, - and 5,
increases as N decreases and as 8; approaches 8. The small values of N are the most
uscful, as will be shown in Chapter 5. Therelore, using the minimax-based approach
provides a significant improvement over previously reported results.

On the other hand, for the pyramidal frustum, the two methods arc equivalent for
By — 7/2, of course, only when a feasible solution exists. Morcover, the difference
between vy and vy, - increases as N decreases. This highlights the benefit of using

the minimax-based approach, similar to the pyramid case. Finally, the portion of
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coverage ranges where feasible solutions do not exist increases as N increases, as
shown in Figurce 2.9, which demonstrates the indispensability of the minimax-based
approach for such coverage ranges. The minimax-based approach is used throughout
the rest of the thesis to compute the maximun scan and (ace clevation angles for both

pyvramids and pyramidal {rusta.

2.4 Impact of Far-Field Approximation

When the optimal face clevation and the corresponding maximum scan angle were
derived in Section 2.3, it was asstuned that the distance from the target to the antenna
is sufficiently large and so the antenna dimensions were neglected. However, for quasi
far-ficld pattern measurcment, finite distances and antenna dimensions need to be
considered. Pattern measurcments for scanning antenna arrays are expensive, since
many beam directions (perhaps several thousands) need to be checked for gain, as well
as other parameters, such as directional polarization purity. This section examines
how considering finite dimensions affects the results presented in Section 2.3 [Khalifa
and Vaughan, in press).

Figure 2.10 illustrates how the distance from the target to the array affects the
maximum scan angles of the pyramid and pyramidal frustwn; ~, and ~y, respectively.
In the figure, the face elevation angles, 12, and ¢y are computed using the minimax-
based approach assuming infinite distance, and the thick horizontal lines show the
corresponding values of v, and 5. It is assumed that each face supports a circular
array of diameter D, and four diflerent values of D are considered. Then, ~, and
vf are computed at different distances, d, to the array. where d is measured from
the target to the origin. A [ull hemispherical coverage requirement is assumed. The
computation details can be found in Appendix C.

The figure illustrates how both «, and v, approach the asymptotic values (thick
lines) as d or D increase, and as N decreases (To facilitate visual comparison, the
y-axis in all of the sub-figures spans 10°). As a matter of fact, the diflerence is within
2° for distances larger than 1()D2//\, which 1s the minimum far-field distance used

for measuring extremely low sidelobe patterns [Mailloux, 1994|. For example, at a
l=) . ]
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Figure 2.10: The relationship between the maximum scan angles of pyramidal (left)
and pyramidal frustum (right) arrays, and the distance from the target to the antenna,
d, at different values of the array diameter, D, and the total number of array faces,
N. Full hemispherical coverage is assumed.

frequency of 1.54 GHz, and using D=8X, 10D?/\ amounts to a distance of about 125

meters to the antenna.

2.5 Lower Bounds on the Maximum Scan Angles

Section 2.3 presented niethods to compute the exact optimal maximum scan angles
for pyramids and pyramidal frusta with a given number of faces, N. However, it is
also useful to examine the lower bounds on the maximmmn scan angles, v,.,. obtained
as N — oo, for a given coverage range 6 € [6,,6;]. Such information helps the antenna

designer to determine the maximum reduction in maxinum scan that can bhe achieved
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by a given antenna array structure, i.c., planar, pyramidal, or pyramidal {rustum.
For a planar array, the maximum scan angle is always cqual to 05, and hence the

lower bound is:

A/[min = 02' (217)

For the pyramidal array, the minimax-based and equalization-based approaches are
cquivalent for large N. Thercfore, 7, .. occurs when v, = 7v,,. Also, as N — oo,
the azimuthal scan requirement becomes infinitesimal (27/N — () and 4, becomes
dominated by the elevation scan requirement only. Therefore, as shown in Figure

2.11(a), v, + ¥y, = 62 — 01, and the lower bound is given by:

= (6, — 6,)/2. (2.18)

~
I Pmin

Similarly, the lower bound for the pyramidal frustum can be derived using the
equalization-based approach. as shown in Figure 2.11(b), where ~y5 +vp,+7v5, =62
However, the equalization-based approach fails to find a feasible solution under the
condition in (2.14). But since that condition indicates that a pyramid, rather than a

pyramidal frustumn should be used (Section 2.3.2), then the lower bound is given by:

B /3 if 01 < Oulocio.0.) (2.19)

(6 —61)/2  otherwisc.

~
/fm'\n

(a) Pyramid (b) Pyramidal frustum

Figure 2.11: [lustration of how the lower bounds on the maximum scan angles are
determined for the (a) pyramidal and (b) pyramidal frustin antenna arrays. As N —
oo, the azimuthal scan requirement becomes infinitesimally small and the maximum
scan angle becomes dominated by the clevation scan requirement only.
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Iiquations (2.18) and (2.19) show that the lower bounds on + achieved using the
pyranmid and the pyramidal frustum are 45° and 30°; respectively, given a full hemi-
spherical coverage requirement, i agreement with [Kmetzo, 1967]. Moreover, they
show that using multi-faceted arrays reduces the maximum scan angles for any cov-
crage range. For very limited coverage ranges (6, close to zenith), however, it may
be suflicient to use a single planar array. This is because the increase in v, and the
associated scan loss and mutual coupling increase, arc oflsetted by the lower antenna
complexity. A more elaborate discussion on choosing the array structure (planar,
pyramidal, or pyramidal frustum) and the number of faces, N, is presented in Section
2.6 and Chapter 5.

In order to reduce the maximum scan angle beyond the bounds given above, an-
tenna arrays made of other, more comnplex polyhedra can be used. One alternative is
the stacked pyramids shown in Figure 2.12, which is similar to that used in [PPadros
et al., 1997]. The faces of the polyhedron cover non-overlapping scectors of the hemi-
splicrical volume. and 7 is reduced by dividing the elevation scan requirement among
two side faces, instead of one. This idea is similar to dividing the azimuthal scan
range among the side faces of a pyramid or a pyramidal [rustum. It can be shown
that the lower bound on « achieved using this structure is 22.5° for full hemispherical
coverage (using a similar argument to that in Figure 2.11(a)). This further reduction

in 7, however, comes at the expense of more complex analysis and implementation.

Figure 2.12: An example of a multi-faceted array configuration that provides a further
reduction in the maximum scan angle: oblique view (left) and plan view (right).
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2.6 The Effect of the Number of Faces on the Max-
imum Scan Angle

The results displayed in Figures 2.5(b) and 2.6(h) suggested that increasing the num-
ber of faces of pyramids beyond 7, or pyramidal {rusta bevond 10, brings only di-
minished returns to reducing the maximum scan angle. These figures, however, only
considered very few coverage ranges. The eflect of the total number of faces, NV, on
reducing the maximum scan angle is investigated more thoroughly here.

Figure 2.13 depicts the maximum scan angle, v, achieved using N-face pyramids,
where N = 3,4,...,10, for all valid coverage ranges. The figure on the bottom right
corner shows the lower bound, v, . which is achieved as N — oc and computed
using (2.18). The value of v, is gray-scale coded, where the seven shades of gray
correspond to consecutive 10°-ranges of v,. The figure shows how 7, decreases as V
increases for a given coverage range, and how -y, increases as the coverage range gets
wider for a given value of N. It also shows how 7, decreases quickly for values of V
less than about 8, and how it slowly approaches 7, by increasing N further. For
N=7. the difference between v, and 7, is around 10°.

Figure 2.14 shows similar results for N-face pvramidal frusta, where N = 4.5, ... 11.
The lower bound, vy, ., Is shown on the bottom right corner of the figure, and is com-
puted using (2.19). Pyramidal frusta exhibit similar trends to pyramids, in terms of
how 5y approaches vy, . as the total number of faces is increased. The figure shows
that the 7y is within around 10° from vy, for N=9 or 10.

The conclusion to be drawn from these results is that no significant reduction in
the maximum scan angle is achicved by increasing the number of faces of pyramids
beyond 7, or pyramidal {rusta bevond 10, unless only very low scan losses can be tol-
crated. Large values of N may still be used, for example, to achieve conformity, such
as the approximation of a cone by a 24-face pyramid used in [Caille et al., 2002] (Scc-
tion 1.1.2). The topic of conformal arrays, however, is out of the scope of this work.
Morcover, as will be elaborated in Section 5.2.1, given a constant antenna footprint,
increasing N results in smaller array apertures and hence less gain. Alternatively, for

a given array aperture size, increasing N results i incereasing the antenna footprint,
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Figure 2.13: The maximum scan angle, v, for N-face pyramidal arrays for all valid

]
i

coverage ranges (6 < 6). The darker the shade, the larger the value of v,

which is typically directly related to the antenna cost. Therefore, only values of N

up to 12 will be considered here.
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Figure 2.14: The maximum scan angle, vy, for N-face pyramidal {rustum arrays for
all valid coverage ranges (6; < 6,). The darker the shade, the larger the value of ;.

2.7 Summary

This chapter addressed the problem of optimizing the geometric design of pyramidal
and pvramidal {rustnm antenna arrays. The oplimization process involved choosing
the face elevation which minimizes the overall maximum scan angle, given a general

hemispherical scan coverage requirement. The following contribntions were presented:

o A simple and direct cqualization-based approach to determine the face clevation

of pyramidal arrays.



CHAPTER 2 GIOMETRIC DESIGN OF MULTI-FACETED ARRAYS 34

e A new cqualization-based wmethod to compute the face elevation of pyramidal

frusta.

e A ncw minimax-based approach to compute the optimal face elevation of both

pyramids and pyramidal frusta.

All methods are applicable for the general hemispherical scan coverage requirement.
The analysis showed that the equalization-based approach is not always optimal, and
a comparison of the two approaches demonstrated the significant design improvement
offered by the minimax-based approach.

Moreover, the impact of the far-field approximation has been investigated by
considering finite distances to the antenna and finite antenna dimensions. The re-
sults show that the maxinnun scan angle increases only slightly at distances equal
to or larger than the far-ficld approximation, 10D%/), typically used for low-sidelobe
far-field pattern measurement. Finally, lower bounds on the maximum scan angles
achieved by pyramids and pyramidal frusta were derived, and the effect of increasing
the total number of faces on the maximum scan angle was investigated. The results
indicated that increasing the nmumber of faces of pyramids beyond 7, or pyramidal
frusta beyond 10, brings only diminished returns (o reducing the maximum scan an-
gle. A detailed discussion on choosing the number of faces, N, using diflerent figures

of merit will be given in Chapter 5.



Chapter 3

The Circular Patch Antenna

Element

This chapter focuses on the circularly polarized circular patch antenna, which is chosen
here as the antenna element. In particular, it investigates the circular polarization
purity of the antenna over angular scctors about the broadside direction.  These
angular sectors correspond to the coverage arcas of the arrays in a multi-faceted
antenna. First, the motivation for using the circular patch antenna and studying its
polarization purity is outlined, along with an overview of previous work. The antenna
structure is then described and expressions for the far-ficld patterns are derived. An
overview of polarization representation and polarization purity is presented, followed
by numerical results and their interpretation. Finally, the eflects of amplitude, phase

shift, and feed position tolerances on polarization purity are outlined.

3.1 Introduction and Previous Work

Circular patch antennas are widely used in many applications owing to their compact-
ness and case of manufacturing and integration with other circuit elements [Vaughan
and Audersen, 2003]. Their applications include satellite, vehicular (aircraft, cars,
busses, trains), personal (cellphones;, PDAs), and mobile communications. Patch an-

tennas i general are low-gain elements [Hansen, 1998].  Antenna arrays typically

39
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employ low-gain clements, especially when scanning is required, in order to minimize
the reduction in gain when the array main beam is scanned away from broadside.
Moreover, circular patches are slightly smaller than their square or rectangular coun-
terparts [Waterhouse, 2003].

Circular polarization (CP) is typically used in satellite communications, including
navigation systems, since its polarization cfficiency is not allected by Faraday rotation
in the ionosphere, unlike linear polarization (LI). For CP antennas used for multiple
satellite communications, the polarization purity is particularly important. both in
the direction of maximum gain and also in the off-axis directions. CDP can also he used
to mitigate line-of-sight multipath fading in mobile communication systems because
the multipath tends to be de-polarized, e.g., [Kajiwara, 2000], [Yang and Rahmat-
Samii, 2002]. Scanning arrays with CP can usc sequential clement rotation [Hall
et al., 1989, for exawple, to improve the polarization purity. Nevertheless, whether
a single antenna or an antenna array is used. the co-polar gain and the polarization
cfficiency still depend on the cross-polar patterns of the antenna elements. These
factors motivate an investigation of the upper bounds on the polarization purity of
the circular patch antennas. Incorporating factors such as most finite groundplane
cflects or mutual coupling, will normally affect the polarization purity, in particular
in the directions along the groundplane. However, in multi-faceted antennas, the
dircctions of interest are away [rom the groundplane, i.c. within at most 63° about
broadside as can be seen in Figures 2.5(b) and 2.6(b).

The polarization purity of an LI or CP antenuna may be described by the cross
polarization ratio (CPR), defined as the ratio of cross-polarization to co-polarization.
Hansen [Hansen, 1987] investigated the CPR of circular and square patches, using the
cavity model, but only for the LP case.

The CP fer-field patterns and their components are azimnthally symmetric, as
will be shown in Section 3.3, unlike the LP patterns illustrated in [Vaughan. 1988].
Correspondingly, their CPR behavior is quite different from the LP case. CP circular
patch designs continue to be of interest and several have been proposed, e.g., [Huang,
1984], [Wong and Chiou, 2001], [Boccia et al., 2003], and [Basilio et al., 2005]. For

these desiegns, only pattern cuts of the co- and cross-polar patterns were presented,
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with an interest in the polarization purity. However, there has been no formal in-
vestigation of the effect of the patch size on the CPR of CP patches, as was done in
[Hansen, 1987] for the LP case.

An investigation of the CPR of broadside mode CP circular patch antennas was
presented in [Khalifa and Vaughan, 2006a]. This treatment is claborated in this
chapter and expanded to higher mode patch antennas. The single mode ring source,
with excitation ¢/, is used for the far-field pattern and the corresponding single
mode cavity model is used to define the patch size. The patterns are discussed with
interchanging reference to the ring source and the corresponding (single mode) patch
parameters. The maximum CPR (used in [Hansen, 1987] for LP) and distributed
CPR (introduced here) are computed over different angular intervals about broadside.
These itervals represent, for example, the scan sectors of antenna arrays, or the
directions of distributed sources such as those found in mobile communications. New
results are presented to illustrate the CPR trends. The results show that for the
broadside mode, a nominal patch radius of about Ag/4 exhibits the best polarization
purity. From the cavity model, this corresponds to specific, low values of the substrate
relative permittivity. The models are also used to study the eflect of amplitude, phase

shift, and feed position tolerances that may occur in implemented antennas.

3.2 Antenna Structure

The circular patch antenna is composed of a thin metallic disc mounted above a
grounded dielectric substrate. The substrate can be air, which means that the patch
must be supported by, for example, diclectric posts. The patch may be fed by mi-
crostrip transmission lines along the patch laver of the substrate, or by coaxial lines
from the groundplane. There can be multiple feed positions to implenment antenna
diversity, or for a beamformer to produce specific patterns such as the circular po-
larizations. Figure 3.1 illustrates an example of a circular patch fed by coaxial lines
from the finite groundplane. In this work, we do not consider the physical size of the
patch, but rather its effective size, which includes the field fringing at the edge of the

pateh. Usually, in the literature, the effective size 1s denoted by the radius agy. Here
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Side view

Coaxial feeds Groundplane

Substrate Mo ™

Plan view

Figure 3.1: Structure of a [inite groundplane CP circular patch antenna (left) and the
cquivalent magnetic ring source with magnetic current M (right).

we abbreviate this to a, so {rom now on, all mention of the patch radius is taken to
be the effective radius, and this is used for the ring source size. The patch radius, a,
is approximated as [Derneryd, 1979):

[&9%]

T ko

where o,y 1s determined by setting J) (o,1)=0, where J] is the first derivative of Bessel

(3.1)

¢

function of the first kind and order n. Therefore, a1 1s set to 3.8317, 1.8412, 3.0542,
and 4.2012 for n=0, 1, 2, and 3, respectively. Atozi—g is the wave nmnber in free space
and e, 1s the relative permittivity of the substrate material. The relationship between
the patch radius and the permittivity is illustrated in Figure 3.2 for modes 0, 1, 2,
and 3.

A single feed is sufficient to construct a LP circular patch. On the other hand,
a CP circular patch antenna can be constructed by using two angularly spaced feeds
at the azimuthal positions ¢g = 0° and ¢y = ? where the mode n#£0 and ¢
is the azimuthal feed position [Huang, 1984]. (CP may not be realized with good
polarization purity using the =0 mode, which is lincarly polarized everywhere). The
example in Figure 3.1 could be for the n=1 mode. The [eeds are excited with a 90°
phase shift for right-hand circular polarization (RHCP), or —90° for left-hand circular

polarization (LHCD).
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Patch radius, a (wavelengths)

0 3 . T
Relative permittivily. ¢,

Figure 3.2: The approximate (cavity model) relation between the patch radius and
the relative substrate permittivity for the circular patch.

3.3 Far-Field Radiation Pattern

The single mode cavity model treats the patch antenna as a cylindrical cavity with a
magnetic wall along its perimeter, which can be resonant in the transverse magnetic
(TM) modes [Derneryd, 1979]. Using a single feed at ¢y to excite a single mode, the
far-field radiation pattern of the nth cosine mode, to be used below, 1s well-known,

c.g., [Martin, 1960; Derneryd, 1979: James et al., 1981}, and is given by:
B0, ) = (0,08 + £,(0.0)6. (3.2)

where the linecarly polarized components are:

EyN0,0) = Vs g cos (g — do)l,
(3.3)
Eifl](é, O) = —j“VO[”]%‘—’ JFeos O sin [n(¢ — o)),

where 0 and ({) are unit vectors along the 8 and ¢ directions, \/’U["‘]:/LEO.],,(ka,) is the
peak voltage at the edge of the patceh, a is the patch radius, and k:;—%. Jy is the Bessel
function of the first kind and order n, and J, =(J, 41 — S, 1) and Jr=(J, 1 + /. 1).
where J,=J,(kasinf). A time dependence of e/“f s assumed for the fields. Equation
(3.3) shows that only the n=1 mode pattern is non-zero at broadside, as illustrated
in [Vaughan, 1988]. Other modes have their peak gains at mid-clevation angles,

depending on 7 and a, as will be elaborated below.
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For a CP circular patch, the two feeds (at oy = 0° and ¢g = %) lie in the null

cavity field of cach other. This can be seen from (3.3), c.g., the ¢ dependence of
90°

n

Ey(8,¢) due to the two feeds is of the form cosng and cos[n(é — ==)] = sinng,
respectively. This produces two identical modes which are orthogonal in the cavity.
With negligible mutual coupling between these degenerate modes. the cavity model
can be simply extended to represent the far-ficld pattern due to the two feeds as
follows:

£1(0,6) = 1y(0.0)0 + (0. )6, (34)

where the #- and ¢-components are:

15%0.6) = B0, O)lawmie F B0 0)|ygome = V" ST

somte T IESN0,0) ygome = T OV T E cos e,
(3.5)

where the upper and lower signs represent RHCP and LHCP, respectively, and E(L”]

g0y = B9, ¢)

J b @

and E{LH] are given in (3.3).

To this point, the equations arc known, for example equation (3.5) is shinilar to the
pattern expressions given in [Huang, 1984], but the form given here is more compact
and more revealing. It shows that the CI? pattern magnitudes are symmetric with
respect Lo ¢, nulike the cosng modes. For example, Figure 3.3 shows lincar plots of
the linearly polarized pattern magnitudes for CP patches with modes £1, £2, and
43, assuming air (¢,=1) and alumina (e,=10) substrates. (Refer to Section A.2 for
information about the graphical representation of radiation patterns). The pattern
magnitides are ouly plotted above the xy-plane. However, they are syinmetric about
that plane. They are also identical for +n and -n. The vertically polarized patterns {or
¢,=10 exhibit strong gain along the (infinite) groundplane direction. The elevation-
cut patterns do not change much for a e, above 2, and do not change much for the
higher modes. So, Figure 3.3 is representative of all practical permittivities in the
basic cavity model.

Equations (3.4) and (3.5) may be rewritten to represent the far-field patterns

radiated by RHCP and LHCP antennas, respectively, in terms of the LP patterus, as
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n=+1 n==42 n=+3
€ =1
ty
a = 0.297
e, = 10 %
X ¥ x"/ lf\’\\"v
9
« = 0.092p a = 0.15Ag a =021\

Figure 3.3: Linear plots of the magnitudes of the 6- and é-components of the far-field
patterns of CP circular patches for modes &1, £2, and £3, nsing ¢,=1 and ¢,=10.
The corresponding patch radius, a. is listed for cach configuration.

follows:

(0.0) = [i0.00+ 50006 = Ve (00—t cos0);

(0.0) = JIN0.0)0+ [[H0.006 = jrviMgeen (), 0+ 5] cos05).
(3.6)
The magnitudes of f}[—;l] and f,[f'] arc the same. They are used in Section 3.4 to express

the co- and cross-polar patterns.

3.3.1 Assumptions and Limitations

The ring source model for the circular pateh antenna, in (3.3), assumes an infinite
groundplane. In practice, a finite groundplane can affect the impedance and the
pattern-specitically at low-clevation angles. Similarly, any surface waves on a con-
tinuous substrate may also allect the pattern. Finite groundplanes may improve the
polarization purity at low-clevation angles. However, in these cases, the groundplane
structure, icluding its edges, comprises a necessary part of the antenna and the single
magnetic ring source that is used here models ouly part of such a radiating structure.

The impact of a small groundplane is demonstrated in Section 3.5.



CHAPTER 3. THE CIRCULAR PATCH ANTIENNA ELEMINT 42

The height of the patch above the groundplane, A, influences the patch bandwidth,
but has a minor effect on the center frequency. b does not aflect the radiation pattern
significantly [ISishk and Shafai, 1986]. It is assumed to be clectrically small, and does
not enter the radiation pattern formulation here. However, it is noted that h doces
feature in some pattern formulations, for example, [Hansen, 1987]. For single modes,
the distance of the coaxial feed fromn the patch center, d, affects only its impedance.
For example, for the n=1 mmode, d ~ 0.3a typically gives a good match to a 5082 feed
nnpedance.

Finally, it is assumed in (3.5) that the mutual coupling between the two feeds is
zero. In practice, the finite extent of the feed structures, and the presence of other
modes, albeit at relatively low powers, act to create finite coupling.

It is cmphasized that the radiation of a purce mode ring source yields the upper
bounds on the polarization purity of the circular patch antecuna on a large ground-
plane. Unwanted modes and mutual coupling when used in arravs, ete., will act to
decrcase the polarization purity from the bounds given in Scetion 3.5. Polarization
purity bounds are of interest because they can be used to set limits on the perfor-
mance of a fixed antenna or a scanning array. As noted above, this is particularly

relevant to satellite applications.

3.4 Cross Polarization Ratio

3.4.1 Co- and Cross-Polar Patterns

The polarization of an antenna is that of the plane wave transmitted by that antenna.
The sense of polarization of CP has been a source of ongoing confusion between the
antenna and the propagation communities, so the definitions used here are briefly
reviewed in order to avoid ambiguity. According to the IKEE standard [IEEE, 1979],
and assnming a time dependence of ¢!, the sense of CP is determined by viewing the
polarization plane, which contains the transverse clectric field vector, with the wave
direction moving away the observer. At a fixed point in space, if the tip of the vector

rotates clockwise as a function of time, the wave is right-hand (RH) polarized. For
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counter clockwise rotation, it is left-hand (LH) polarized. 1f the time dependence is
taken as ¢ 7', then the RHCP and LHCD are reversed.

Using the complex vector representation [Stutzman, 1993], and assuming RHCP
is the co-polarization, the complex unit vectors associated with the two orthogonal

CP polarization states, i.c., co-polarization (RHCP) and cross-polarization (LHCP),

are:
Crp = % ((sin )+ jeos @) + (cos ¢ — jsin (]'))(b) = % 10 — J), 57)
Cop = % ((sin ¢ — 7008 (1))9 + (cos ¢ + 7sin d))(?)) = \}E (4]""((; + ]C))

If LHCP is the co-polarization, then these vectors are interchanged. Using (3.7), the
far-field pattern vector radiated by a RHCDP antenna at the nth mode, f,[?](ﬁ, @), can

be decomposed into its CI” co- and cross-polar patterns using:
Filo, o) = t0.¢) . éu
= ”V[" e -'(”“)d’((l —cosB)J, 1 — (1 + cos )], ,1),
vz (3.8)
0.0y = £0.6) . ¢
= 4" E)["]—'ﬁ(, 1(n=1) ‘°((1 +cos®) 1 — (1 —cosh)J, 1)./
where f,[f](ﬁ,d)) is given in (3.6). Equation (3.8) shows that the phases of the co-

and cross-polar patterns have different azimuthal dependence. In fact, the diflerence

F([f] |, are

is /29, independent of the mode. However, their magnitudes, |1*m | and
azimuthally symmetric. Iiquation (3.8) also shows that for the n=1 mode, the co-
polar pattern reaches its maximum value at broadside (6 = 0?), while the cross-polar

pattern vanishes.  As expected, for higher modes, both |F(I,')’]| and [F2) vanish at

broadside.  For higher modes, the zenith angle where L | peaks depends on the
mode and the substrate relative permittivity [Huang, 1984]. Figure 3.4 illustrates the

F([.(',']| peaks, and e, for modes 2 and 3.

relationship between the zenith angle where
Peak directions move away {rom broadside as e, or n are increased. For a given mode,
« r ool *

the peak directions do not change significantly for values of e, larger than about 3.
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Peak zenith angle, 8 (degrees)

Relative permitlivity, €

Figure 3.4: The relationship between the directions (zenith angles) where the co-
, peaks and the substrate relative permittivity for modes 2 and 3.

polarization, ]F([g]
For the n=1 mode, |F;[,7f”, always peaks at 6 = (0°,

Figure 3.5 shows polar plots of \P‘,[ff]] and (Fﬂf” of CP circular patches of different

E[:ff}(H.,())[ and 1_‘*}{:}(9,()”7 for n=1, 2, and 3. The major

changes to the pattern occur near a relative permittivity of 1. For e, 22, the clevation-

radii, cut at »=0°, i.c.,

cut patterns change very little for cach mode, so again, the figure is representative
of all practical permittivities in the basic cavity model. Some measured pattern cuts
were reported in [Huang, 1984], where higher order patches with a large groundplane
(3 wavelengths square) show good agreement with the ring source models, for both

polarizations and for low-clevation angles.

3.4.2 Maximum and Distributed CPR
The CPR. R(A, @), is defined for a dB scale as:

3 | Fio. ¢
R[,'g(ﬁ, é) = 20log,, RI"(6. ) = 201og, ‘I—(—M (3.9)
« = NED) . \
|[£2o' (8, )]
Using a dB scale circumvents confusion, since CPR is variously used in the literature
as cither the ratio of powers or amplitudes. The definition of R remains unchanged
regardless of the choice of the intended polarization, unlike the circular polarization
ratio, po. peis defined as the amplitude of the RHCP over that of the LHCD, following
a tradition from the precursor [Hollis et al., 1970] to the IEEE standard [IEEL, 1979].
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Figure 3.5: Cnts of the dB-scale magnitudes of the co-polar (solid) and cross-polar
(dotted) patterns at ¢ = 0°, of CP circular patch antennas of modes 1, 2, and 3, using
different substrate relative permittivities. The corresponding patch radius is listed for
each antenna configuration. The patterns are symmmetric in ¢.

The CPR, I2, as defined in (3.9), using the amplitude ratio, is related to pe using:

e if RHCP 1s the co-polarization,
R = (3.10)
1/pe if LHCP is the co-polarization.

po and I are related to the traditional metric of circular polarization purity, the axial

ratio. A, using [IELE, 1979] and [Stutzman, 1993]. respectively:

/')(j‘f‘l 1+R
A=—, Al = ——. 3.11
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Therefore, a better polarization purity translates into a low value of the CPR or an
axial ratio magnitude which is close to 1. Figure 3.5 shows that, for the n=1 mode,
the purest polarization is always achieved at broadside, where R =0 (R([III],:—OO) and
|Al)=1.

In multi-faceted antenna arrays, and other practical scenarios outlined in Section
3.1, the antenna is not required to cover all directions, including along the ground-
plane. This is fortuitous because a finite groundplane affects the accuracy of the ring
source model at low-clevation angles, as noted in Section 3.3.1. Instead, the pattern
model is only required to cover a limited scan sector around broadside, viz., an angular

interval defined as:

{(0,0): 0 € [8,,0,].0< 0, << =, ¢ € [0,2m)}. (3.12)

b | =

The mininmm CPR (corresponding to the best polarization purity) over this scan
sector is defined as:

Rl[::'i]“ = 20log,q 15121(]2’”}(9, ?)). (3.13)
For the broadside mode. #; can be set to 0°. For higher modes, 8; should be sct
to a larger value to maintain a defined value of CPR. Figure 3.5 shows that for the

| 1 . 1
n=1 mode, Rxanin ]w[.r]’ vanishes and hence RII“]m:—oo.

always oceurs at §=0°, where
B . n . . ~ N
For higher modes, Rllm]“ varies depending on the extent of the scan sector (the zenith

. . . . 1 . . ’
angles 61 and 6,) and it does not occur in the direction where |F,[;}1 is maximum. The

maximui, or worst, CPR over the scan sector is similarly defined as:

Jpid

‘max

= 20log,, 11{')1;1‘x([1’,[”](9. qb)). (3.14)
Jp

The value of R};’ix depends on 8y and 8y, as can be scen in Figure 3.5, In general, a
¢ . . . ~ . . K . 2 . . .
scarch of the 2D space of the pattern functions is required to find RL’IJ,X, and this s

non-trivial. Finally, the distributed, or mean, CPR over the scan sector is defined as:
[ ] 27 '02
=t ) . ] v =
R =20log, / / P0.o(0. &) RO, ) sin 0dde. (3.15)
Jo o Jo,

Here the weighting (pdf) over the angles. in (3.12), is taken as uniform and the sane

for each polarization, i.c.,
1
27(cos 6y — cos ty)

Pos(0. ¢) = (3.16)
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For example, for zenith to horizon coverage (6;=0° and 6,=90°), py (8, Q):ﬁ Dil-

ferent. applications will have different weightings.

3.5 Results

The maximuin and distributed CPRs, defined in Section 3.4, represent the upper
bounds on the best polarization purity which could be obtained {rom a circular patch
antenna on a large groundplane. Both paramcters depend on the extent of the scan
scector in clevation, i.c., #y and 6.

Figure 3.6 (left) plots the maximum CPR, I?L'L]ix, versus the patch radius, as a/ A,
[or different scan scctors, i.e.. different values of the maximum zenith angle, 65, For
the n=1 mode, the minimum zenith angle, 81, is set to 0°, whercas for higher modes,
#, is sct to 1°. This is suflicient to climinate the effect of the vanishing |E[})"]| at 6=0°.
Results for higher zenith angles, i.c., ranges that are further away {rom broadside,
can be found using (3.14) and a larger value of #;. The range of radii in the figure
corresponds to substrate relative permittivities varying between 1 (air) and 10 (alu-
mina), as related by (3.1). The figure shows a clear trend of well-defined minima for
all scan sectors. Lowest values of R,[Q;]lx are achicved for a certain range of patch radii,
depending on the mode. This range corresponds to substrate relative permittivities
between 1 and 2. Of course, the lower €, is, the larger the patch radius will be., For the
n=1 mode, low R s achieved for patch radii of about A\y/4. Examples of substrate
materials with low relative permittivities include honeycomb and foam, as proposed
in [Huang, 1984] and [Chair ct al., 1999], respectively.

Figure 3.6 (right) presents another way to examine the results, which may also
be useful for design. It plots Rki}“ versus the maximum zenith angle, 6,5, for different
values of the substrate relative permittivity. .. Again, 8;=0° for the n=1 mode, while
#;=1° for higher modes. The figure shows that as the scan sector gets larger, 1?,[,’1}\
increases. This is because the polarization purity deteriorates in directions towards
the groundplanc. Moreover, the figure illustrates the low Rl[ﬁlu behavior for lower
relative permittivities.  Finally, it shows that R,[ff';]lx does not vary significantly for

values of ¢, larger than 2 (topmost set of curves).
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Figure 3.6: The maximum CPR, I?,Iff;]l,\., versus the patch radius, a, (left) and the

maximuin zenith angle, 6, (right) of modes 1, 2, and 3. The range of patch radii
(Ieft) is different for cach mode. 6y = 0° for n = 1, while ¢, = 1° for n > 2.
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Figure 3.6 (right) also shows a sudden change in the value of RL’HLX., for all three
modes, near #,=75° when ¢,=1.1. The rcason for this change is that the cross-polar
pattern decreases near that angle and then increases rapidly as 6 increases, until the
co-polar and cross-polar patterns eventually become equal at #=90°. This can be scen
from the pattern cuts shown in Figure 3.5 (sccond row). The change in the ¢,=1.25
curve near ,=40° for the broadside mode (n=1) can also be explained using the
pattern cuts in Figure 3.5 (left-most figure on the third row). The co-polar pattern
starts to decrcase near 6=40° while the cross-polar pattern starts to increase near that
angle. On the other hand, for the higher modes both the co-polar and cross-polar
patterns change smoothly as 6 varies between 0% and 90°.

Figure 3.7 shows similar results for the distributed CPR, ﬁ["], which is of course less
than or equal to R,[fll]L\ It 18 clear that F[”] exhibits similar trends as those exhibited
by le]'lx in Figure 3.6. The results here provide the designer with knowledge of the
limiting polarization purity for a large groundplane implementation. For example,
Figures 3.6 and 3.7 show that for the n=1 mode, when 6 € (0,30°), both Rk and
R can be reduced dramatically by using a modelled patch radius of 0.26Ag (¢,=1.25)
instead of, for example, 0.29), (e,=1).

Since the magnitude of the axial ratio, |A], and the CPR, R. arc related using
(3.11), |A] exhibits similar trends as those exhibited by 12 in Figures 3.6 and 3.7. In
other words, a low value of R corresponds to a value of |A] that is close to 1, i.c., 0
dB. Figure 3.8 illustrates an example for the n=1 mode. It plots the maximuin axial

A,[:f-ldx| which corresponds to the maxiimun CPR, versus the patch radins and

¥

ratio,
the maximum zenith angle, respectively. It exhibits siinilar beliavior to that of R,(ff]“
shown in Figure 3.6.

Finally, we note that the choice of relative permittivity of about 1.25 for the
clement has an important impact on an array system. If the array is constructed with
a continuous substrate, then this is also necar the value which has the least surface
wave, and least mutual coupling (Private communication with L. Shafai). So there is
a double benefit for array performance by using €, ~ 1.25. Some foamn materials are

available {or this substrate value.
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3.5.1 Modelled CPR as a Bound for Implemented Patch An-
tennas With Finite Groundplanes

The results presented in above are accurate for antennas on large groundplanes, in-
cluding arrays where the mutual coupling can be neglected. In practice, single an-
tennas are often mounted on small groundplanes.  As noted above, the results for
low-clevation angles cannot be expected to be accurate in such a case. The smaller
groundplane can act to improve the circular polarization purity at low-elevation an-
gles since the horizontal component can now propagate in the groundplane directions.
A critical comparison of radiation patterns from the idealized ring source model and
rcal-world patch antennas has not been previously discussed in the literature.
Figure 3.9(a) compares the estimated CPR from an alumina patch antenna (e,=9.9,
no centre pin) used for popular commercial GPS antennas from the 1990s [Vaughan
and Andersen, 2003, p. 548]. The antenna has a single feed and the mode degeneracy
and phasing is introduced by an clliptic patch shape. It has a small 0.33A3 circular
groundplanc and this reduces the cross-polar pattern near the groundplane and al-
lows radiation below it as expected. The semimajor axis of the antenna is a=0.095Aq,

which is equivalent to an cffective ¢ of 9.5, using (3.1). The measured pattern cut
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Figure 3.9: The estimated experimental CPR (points) compared to the bounds found
using the ring source model (lines) for the three experimental GPS patch antenna
designs reported in [Vaughan and Andersen, 2003], [Boccia et al., 2003], and [Basilio,
et al., 2005], respectively.

exhibits a finite cross-polar components around boresight and the diflerence between
the co- and cross-polar CP patterns in that direction is over 20 dB, i.c., ]?I[llllm a2 -25
dB. Figure 3.9(a) shows Ry, aud R which are estimated from the patterns reported
in [Vaughan and Andersen, 2003] compared (o the bounds, R,[,ll}ax and ﬁm, derived
for a pure-mode ring source using ¢,=9.5. (CPR is estimated from the pattern cuts
by averaging the two halves of the cut and then taking the pattern as azimuthally
svminetric.) The estimated CPRs and those of the ring source difler at low-clevation
angles (large 64) owing to the small groundplane, and at high-elevation angles (small
6,) owing to the modal impurity and the limited measurcment accuracy.

Figure 3.9(b) compares estimated CPRs from two experimental GPS patch an-
tenna designs, both using a large 21.6A; circular groundplane, to the CPR bounds.
The first design s a shorted annular clliptical patch with a single feed, €,=2.55, and
a semimajor axis of 0.29\g [Boccia et al., 2003]. The second design is a shorted-
annular-ring reduced-surface-wave patch, also with a single feed, €,=2.94, and a ra-

dins of 0.29)\g [Basilio et al., 2005]. Using (3.1), the equivalent cflective permittivity
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for both designs is thus ef=1. Measured pattern cuts of both designs exhibit finite
cross-polar components around boresight, similar to the pattern in [Vanghan and An-
dersen, 2003]. Therelore, the estimated CPRs differ {romn those of the ring source at
high-elevation angles (small ;). On the other hand, both designs show reasonably

good agrecment at low-clevation angles, since they use large groundplancs.

3.5.2 Application to Multi-Faceted Antenna Arrays

To determine the polarization purity achieved by pyramidal and pyramidal {rustum
arrays, the maximum scan angle, =y, encountered in both structures (Section 2.3) can
bhe combined with the CPR information presented above. Since the individual arrays
in cither structures are required to scan {rom their broadside to up to 7, then the
broadside mode (n=1) CP patches should be used. Consequently, v correspouds to
the maximum zenith angle, 6,, in (3.12). The maximun value of @, that needs to be
considered is about 63° for pyramids, and about 60° for pyramidal {rusta, as can be
seen in Figures 2.5(b) and 2.6(b), respectively.

The choice of a certain structure (pyramid or pyramidal frustim) and its munber
of faces, N, results in a value of ~, and hence 05, which can be used to look up the
maxinnun and distributed CPR for an antenna used in that structure. For example,
assuining [ull hemispherical coverage, a 4-face pyrainidal frustum has a maximum
scan angle of 60°. Using the bottom left sub-figures in Figures 3.6 and 3.7, which
correspond to the broadside mode, one can see that the maximum and distributed
CPRs for the antenna are about -12 dB and -18 dB, respectively, assuming an air
substrate (¢,=1) is used. The maxiimum CPR is the more relevant quantity here since
1t represents the worst polarization purity at the specific maximum scan angle of 60°.

Figures 3.10(a) and 3.10(b) depict the maximum and distributed CPRs, respec-
tively, experienced by patch antennas in pyramidal and pyramidal frustum antenna
arrays, assiming a [ull hemispherical coverage requirement. An air substrate is as-
sumed for the patch antenna, i.e., e,=1. The figure shows how both the maximum and

distributed CPPRs decrease (or polarization purity increases) as the number of array
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Figure 3.10: The (a) maximum and (b) distributed CPR for an air-substrate
broadside-mode CP circular patch antenua in pyramidal and pyramidal frustum an-
tenna arrays. Full hemispherical coverage is assumed.

faces, N, increases. Similar to the trends exhibited by the maximunm scan angle in Fig-
ures 2.5(b) and 2.6(b), no significant improvement in the polarization purity is gained
by increasing the number of faces of pyramids beyond 7, or pyramidal {rusta beyond
10. The figure also shows how using pyramidal frusta results in better polarization
purity (lower CPR) than using pyramids, with the exception of the 4-face pyramidal
frustum. Again, the maximumn CPR is the more relevant quantity because it repre-
sents the worst case polarization purity in the coverage range. The distributed CPR
gives a metric which allows different elements of different structures to be compared

for averaged behavior, suitable for statistical specifications.

3.6 Effect of Implementation Tolerances

Amplitude. phase shift, and feed position tolerances (or deviations from presceribed
values) may arise when a circular patch antenna is constructed. For example, am-
plitude tolerances typically occur due to feed network errors [Smith and Hall, 1994].
Phase shift errors may occur if sections of transmission line are used as phase shifters
[Hall et al., 1989]. Feed position tolerances occur when the exact angular separation
T

between feeds, e.g., for mode n, is not realized in the mannfactured antennas, due

to mited precision. for example.
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Given these three types of tolerances, and assuming a RHCP pateh, (3.5) may be
re-written as:

£170, 6) = 130, 0)0 + [0, 6)o. (3.17)

where the 8- and ¢g-components of the far-field pattern arce:

5N0.6) = ESN0. ) gomee + (14 7)€ FWE EIO.6)], e
] ] - R (3.18)
f(b (Hd)) == E(b (07(?)’00:00 + (1 +TU) CiJ(I )3 EC;L (qub)’d)u:(l {Tf)g(r)xa

where EO["] and £ are given in (3.3). The paramcters 7., 7,, and 75 represent
tolerances in amplitude, phase shift. and feed position, respectively. For an ideal
inplementation, 7, = 7, = 75 = 0.

Figure 3.11 shows lincar plots of the co- and cross-polar patterus, F,U)](H., @) and
F,,u](é?, @), for a broadside-mode patch with an air substrate (e,=1), with and without
implementation tolerances. The patterns are computed using (3.8) and (3.18). The
cross-polar patterns are enlarged by a lncar factor of six. The figure shows that, in
the presence of tolerances, the cross-polar pattern no longer vanishes at broadside. In

other words, the polarization at broadside is elliptical, rather than perfectly circular.

? "-.\‘\\
s T
e

(¢) 10% phase shift tolerance (d) 10% feed position tolerance

Figure 3.11: Lincar plots of the magnitude of the co- and cross-polar patterns of
an air-substrate broadside-inode CP circular patch with and without implementation
tolerances. |E.(0, ¢)| is enlarged by a lincar factor of 6.
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Morcover, tolerances cause the cross-polar patterns to lose their azimuthal symmetry.
Finally, the magnitude of the cross-polar pattern increases when tolerances are intro-
duced, resulting in an increased CPR (and hence a decreased polarization purity) in
all directions.

Figure 3.12 illustrates how increasing the tolerances 7, 7, and 75, canses the max-
imun and distributed CPRs to increase, i.e., polarization purity deteriorates. Only
broadside mode (n=1) patches are considered, but higher modes exhibit similar be-
havior. The left, center, and middle columns correspond to 7,, 7, and 75, respectively.
In each columm, one of the tolerances is varied {from 0% to 15%, while the other two
are set to zero, e.g., in the left column 7, is varied and 7,=7;=0. Figure 3.12(a) shows
the effect of tolerances on the maximum CPR, R,[lll]ax, for four diflerent values of the
relative permittivity, €., in a fixed scan sector with 8,=45°. On the other hand. Figure
3.12(b) uses a constant relative permittivity e,=1 and counsiders four different scan
sectors. Figures 3.12(¢) and 3.12(d) show similar results for the average CPR, =Y

The figure shows that the effects of phase shift and feed position tolerances on
the CPR are identical as expected. Moreover, the figure shows that the elfect of
amplitude tolerance is less severe than that of phase shift or feed position tolerances.
As the tolerances increase, the increase in CPR s more pronounced for the design
parameters that lead to better purity in the ideal (no tolerance) case, shown in Figures
3.6 and 3.7. For example, Figure 3.12(a) (left) shows that an amplitude tolerance of
5% causes an increase of about 12 dB in the maximum CPR when e,=1.25, while it
causes only a 2 dB3 increase for €,=10. This is because the CPR for high values of e,
is already mnuch lower than that for low €., as can be seen in Figures 3.5, 3.6, and 3.7.
Similarly, a phase shift tolerance of 5% causes a deterioration of the maximum CPR
of about 12 dB for the narrowest scan sector (#,=15°), but only about 1 dB for the

widest scan sector (#,=60°). as shown in Figure 3.12(h) (center).

3.7 Summary

This chapter presented techniques for characterizing the polarization purity of circn-

larly polarized circular patch antennas, in terms of the cross polarization ratio. Simple
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Figure 3.12: The effect of amplitude, phase shift. and feed position tolerances on the
maximmn and distributed CPRs of broadside mode patches.

models were used to represent the far-field radiation pattern of broadside and higher
order mode patches. The broadside mode is the relevant mode for multi-faceted an-
tennas, while higher order modes are used iy other applications, e.g., rooftop-monnted
vehicular antennas for terrestrial links. The complex vector polarization representa-
tion was then used to obtain the co- and cross-polar patterns and cross polarization
ratios. The maximun and distributed cross polarization ratios were computed over

angular scctors about the broadside direction of the pateh, and presented as design
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curves which are functions of the patch size. These angular sectors correspond to
the coverage arcas of the arrays in a multi-faceted antenna. The models were also
used to investigate the effect of implementation tolerances on polarization purity. The

following conclusions can be drawn from the presented results:

e Numerical results show how the polarization purity degrades as the coverage

arca of the antenna is enlarged.

e The results show that there is a well-defined optimal patch size for cach mode
which produces extremely pure polarization. From the cavity model, this occurs
for patch antennas with specific substrate relative permittivities between 1 and
2. For the broadside radiation mode, this corresponds to patch radii around
Ao/4 and a substrate relative permittivity of about 1.25 in a normal patch

construction.

o Comparison with experimental patch antenna designs demonstrates that the
numerical results serve as upper bounds for the polarization purity of patch

antennas on large groundplanes.

o The effect of amplitude tolerance is less severe than that of phase shift or feed
position tolerances. However, the presence of any tolerance reduces the polar-

ization purity of the patch.

Morcover, when patch antennas arc used as the antenna clements in multi-faceted
antenna arrays, the patch coverage only extends to at most 63° degrees about the
patch broadside direction. This is fortuitous since the models used cannot be expected
to be accurate in directions close to the groundplane. Finally, numerical results were
presented to demonstrate how the polarization purity increases as the number of array

faces in a multi-faceted antenna array is increased.



Chapter 4
Planar Array Design

The chapter deals with the design of the individual antenna arrays supported by the
faces of a multi-faceted antenna. The design of phased array antennas is a research
arca in its own right and numerous specialized texts have been written on it, c.g.,
[Mailloux, 1994] and [Hansen, 1998]. Therefore, the work presented here focuses
on how the cnvironment and requirements of multi-faceted antennas influence the
choice of the different array parameters. A brief overview of related previous work is
presented first. This is [ollowed by the details involved in choosing a foew key array
parameters for the purpose of the evaluation and comparison undertaken in Chapter

D.

4.1 Previous Work

Many of the previous works which addressed multi-faceted antenna arrays or arrays
with special limited scan requirements (Section 2.2) also addressed the design of the
individual planar arrays. Sharp (1961) showed that the total number of clenents in
a planar antenna array with a given aperture arca can, in general, be reduced by
arranging the clements in a cquilateral triangular, or hexagonal, grid as opposed to a
rectangular grid. This reduction depends on the coverage requircment. The maximum
reduction of 13.4% is achieved when the main beam is to be scanned within a conical

volume about broadside. Such a coverage requirement applies for the top face of a

59
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pyramidal frustun, as explained in Section 2.1,

Kuittel (1965) used the hexagonal grid to compare the performance of 3- and
4-face pyramids and 5- and 6-face pyramidal frusta. He set the element spacing to
permit only grating lobes (GLs) at endfire for some scan angles and assumed circular
radiating apertures were used on cach face. Jamnecjad, ot al. (2002) also assuined
the use of circular array apertures. Kmetzo (1967) coniputed the element spacing of
a o-face pyramidal frustum to avoid the formation of GLs in the visible space. He
compared the use of rectangular, hexagonal, and isosceles triangular element grids in
that frustum, and showed that the latter requires the least number of elements.

Corey (1985) also used the hexagonal grid and determined the clement spacing for
a single array given a coverage range that is limited in clevation and azimuth (this
requirement is similar to that of a side face in a pyramid or a pyramidal frustum). He
used an iterative graphical techmique to determine the array clevation and element
spacing such that GLs do not appear in visible space while either (a) minimizing the
maximmmnn scan angle, or (b) maximizing the clement spacing.

Waters, ct al. (1998) assumed the use of square array apertures where clements
are laid on a hexagonal grid, and applied Corey’s method to determine the element
spacing, in order to compare 3-, 4-; and 5-face pyramidal arrays. Jablon and Agrawal
(2006) also used square arrays, a hexagonal grid, and Corey’s method to determine
the optimal clement spacing, to compare 3- and 4d-face pyraniidal arrays.

The previous work outlined above is summarized in Table 4.1. Details about the
definitions of basic and optimal clement spacings will be given in Section 4.3 below.
All references listed above assumed that the array elements were isotropic, i.e., only
the planar array lactor rather than some realized radiation pattern is cousidered.
Morcover, all assumed that the clement excitation was uniform. The following scc-
tions describe the criteria used here for choosiug the diflerent array parameters for

performance cvaluation purposes (Chapter 3).
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Table 4.1: A summary of previous work in designing the individual plauar arrays
supported by the faces of pyramidal and pyramidal frustim antenna arrays.

| sSource ” Grid I Element spncing—r Aperture shape

Sharp (1961) Hexagounal Basic! None*
Knittel (1965) Hexagonal Basic Circular
Kmetzo (1967) Rectangular, | Optimalf None*

hexagonal,

1sosceles

triangular
Corey (1985) Hexagonal Optimalf None*
Waters, et al. (1998) Hexagonal Optimalf Square
Jammejad, et al. (2002) None* None* Circular
Jablon and Agrawal (2006) || Hexagonal Optimalf Square

* No specific assuuiption were made about the corresponding array parameter.

T The definitions of basic and optimal spacing will be given in Section 4.3.

4.2 Element Grid

The element grid, or lattice, refers to how the antenna elements are laid out in a planar
array. The clement grid, together with the clement spacing, determine the location of
the GLs of the array factor, as will be shown in Section 4.3. Regular grid layouts are
cominonly used in planar arrays. lixamples of such grids include rectangular, square,
cquilateral triangular, and isosceles triangular grids. Figure 4.1 depicts the structure
of these grid shapes and illustrates the relationship between the clement spacing in
the x and y directions in each of them, d, and d,, respectively. Of course, the square
erid is a special case of the rectangular grid, while the equilateral triangular grid is
a special case of the isosceles triangular grid. The equilateral triangular grid is also
referred to as “hexagonal™. This notation is adopted here.

I a rectangular or an isosceles triangular grid, there are two degrees of freedom
for placing the array clements, ie., d, and d, arc independent. On the other hand,
there is only oae degree of freedom in square and hexagonal grids, where d, = d,, and

d, = \/3(1.1/, respectively. Therefore, it is siapler to optiniize the element spacing when
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Figure 4.1: The structure of commonly used regular element grids. Array elements
are shown as filled circles.

a squarce or a hexagonal grid is used. Morcover, the grid shape also aflects the shape
of the main beam of the array factor at broadside. Both the square and hexagonal
grids result in main beams with equal beamwidths in the 2z and yz planes. For these
two reasons, both square and hexagonal grids will be considered for the antenna array
evaluation in Chapter 5. Another reason for using hexagonal grids is that they reduce
thie total number of elements (and hence the overall system cost) for a given aperture
arca [Sharp, 1961], as noted in Section 4.1.

Another alternative for element layout is the use of thinned arrays. In such ar-
rays. clements may be randomly spaced, space tapered, or removed from a regular
grid, thereby reducing the array gain withont significantly changing its beamwidth
[Mailloux. 1994]. The gain reduction corresponds to also having higher sidelobes. Al-
gorithms for thinning of regular grids include statistical and pseudo-random thinning,.
or thinning using some optimization method such as genetic algorithins, e.g., [Haupt,

2006]. The topic of thinned arrays, however, is out of the scope of this work, and only
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regular grids will be considerod.

4.3 Element Spacing

The spacing between array elements is determined to prevent the formation of GLs in
the visible space. For regular grids, the location of GLs is determined only by the grid
shape and the element spacing (d, and d;), and is independent of the array aperture
size and shape [Sharp, 1961].

To prevent the peaks of GLs from {orming in the visible space when the array
is scanned in the principal planes (¢=0° and ¢=90°), the clenient spacing should be

chosen such that, e.g., [Hansen, 1998):

dr 1

A g 1{sinvy’ (4 1)
4y 1 '

A disiny?

where 7 is the maximum scan angle of the array, measured from its broadside. The
cquality in (4.1) means that GLs will formi at endfire (i.c., in the plane of the array).
For a given clement spacing, as the scan angle increases, GLs appear in the principal
planes before they appear in the inter-cardinal planes. This is why the clenient spacing
is chosen using (4.1). Equation (4.1) applies for the four grid types shown in Figure
4.1. For squarc and hexagonal grids, since d, and d,, arc related, as noted in Scetion

4.2, (4.1) reduces to:

1, 1 d, for a square grid,
A L sing d,/V/3 for a hexagonal grid.

The spacing computed using (4.2) will be referred to here as the “basic spacing”.
Equation (4.2) assuimes that the beam is scanned within a cone with an opening
angle of 2. This coverage range applies ouly for the top face of a pyvramidal {rustum,
but not for the side faces of a pyramid or a pvramidal frustuin, as explained in Scction
2.1. Corev (1985) proposed a graphical teclmique to determine the element spacing,
which makes use of the special shape of the coverage region. Hence, his technique is

believed to result in a larger clement spacing (i.c., less elements) than that computed
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using (4.2). The spacing computed using Corey’s method is referred to here as the
“optimal spacing”. Only the minimum scan design criteria will be used here owing to
its relevance to the evaluation methodology used in Chapter 5.

Figure 4.2(a) illustrates the difference between the two methods, with the aid of a
GL diagram. The figure assumes a 4-face pyvramid with full hemispherical coverage.
The diagram plots the GL regions and scan coverage regions on the wo-, or direction
cosine, plane. For a given element spacing on a hexagonal grid, the centers of the

six closest GL circles to the scan regions are located at the we pairs (starting on

the positive u axis and going counterclockwise) (di 0), (,ﬁr, ﬁ) (MA : 2%11) (TI—A 0),
(ﬁ Zﬁ) and (23— ﬁ) The first method assumes a conical coverage region, 6 €
[0,~]. which translates into the thick dashed cirele on the diagram. The values of d.
and d, computed using (4.2) are such that the GLs (thin dashed lines) are tangent
to the coverage region, which locates the GLs at endfire. If the spacing is made any
smaller, the GL circles intersect with the scan region and the peaks of the grating
move into the visible space.

Corey’s method makes use of the actual shape of the coverage region, bounded by
the thick solid curves. By considering this shape, it is casy to sce that the GL circles
can be moved [urther towards the coverage region until they touch. This translates
into a larger clement spacing, and henece a saving in the number of clements required.

The significance of this saving is, of course, influenced by the amount of spacing

- == Conical scan region
% Centers of basic GL circles
- -- Basic GL circles
—— Actual scan region
O Centers of optimal GL circles
—— Optimal GL circles

(1) A-face pyramid, 6 € [0°,90°] (b) 5-face pyramid, 6 € [5°,75°

Figure 4.2: Ilastration of how the basic and optimal cleinent spacings are computed.
(=} O



CHAPTER 4. PLANAR ARRAY DESIGN 65

increase as well as the aperture size, i.c., the larger the spacing increase and the
aperture size arce, the more significant the cost saving will be. Figure 4.2(b) shows
another example which considers a 5-face pyramid with a limited coverage range,
6 € [5°,75°]. The coverage range for a side face in a pyramidal frustum will have a
sintilar shape.

Corey’s method has been widely used for multi-faceted antenna arrays, e.g., [Wa-
ters ot al., 1998], [Jablon and Agrawal, 2006]. Therefore, it is useful to compare it
thoroughly to the basic method. As part of this work, Corey’s method has been imple-
mented munerically in order to carry out the comparison. The implementation makes
use of the symmetry of the GL diagram about the v-axis, as shown in Figure 4.2,
and hence only 3 GL circles are considered. The points on the coverage region that
are closest to the GL circles resulting from the basic spacing are then determined.
Finally, the optimal spacing is determined such that the new GL cireles touch the
coverage region at these points.

Figure 4.3 compares the optiial spacing, d,, to the basic spacing, dy, for pyramidal
and pyramidal frustunt arrays with different numbers of faces. The ligure considers
all valid coverage ranges, i.c., 8; < 65, It displays the percentage difference computed
as:

do —d b

§ =100 x (4.3)

(lb
The value of § 1s grav-scale coded. So, for example, white arcas indicate that d, = d,
o 8 3 3 by

while the darkest shade of gray indicates that 5% < 6 < 10%. The figure shows
that the improvement obtained using Corey’s method is always less than 10%, and is
within 2% for most coverage ranges.

In practice, however, the element spacing may need to be reduced below the values
computed above to avoid array, or scan, blinduness. Array blindness is a phenomenon
that results from the mutual coupling between array clements and leads to the can-
cellation of the clement radiation at certain scan angles [Kunittel ot al., 1968]. Several
studies examined the effects of array blindness {or different types of array clements,
c.g., [Pozar and Schanbert, 1984], [Pozar, 1985]. Such studies have led to design
guidelines that require the element spacing to be a few percent below the values com-

puted above [Mailloux, 1994]. Therefore, although the improvement gained using
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Corey’s method does not seem to be significant (only a few percent), it can certainly
oflset some or all of the element spacing reduction required to avoid scan blindness,

especially for large arrays.

4.4 Element Excitation

The isotropic array factor of a planar antenna array scanned to a direction (g, @g) is

given by (Section A.5.2):
FA (9 (/)) — 2 2 ”’m“(‘]k (m.(l_r (sin@ cos ¢ -sin by cos da) | nd, (sin0sine  sin 0y sin ,;,“)) 7 (44)
mon

where the array elements are laid out on a rectangular grid with spacing d, and
dy. N, and N, arc the numbers of clements i the 2 and y directions. respectively,
and m =0,1,.... (N, = 1), n=0,1,..., (N, — 1). a,, is the relative excitation of
the element at row e and column n in the array. The array factors of arrays with
triangular grids can be computed as the superposition of the array factors of two
arrays with a rectangular grid. Alternatively, the appropriate a,,, may be set to zero
to reflect the triangular grid, c.g.. a,,, = 0 il m +n is odd.

The relative excitation of the clements of an array affects the beam shape, in
terms of the beamwidth and sidelobe ratio. Uniform excitation, where elements arc
excited with currents that are equal in amplitude and in phase, results in a smaller
beamwidth and a higher gain, at the cost of a higher sidelobe ratio. Alternatively,
tapered excitation, where currents are in phase but their amplitndes are monotonically
decreased for elements away {from the array center, generally results in a lower sidelobe
ratio at the expense of a larger beamwidth and a reduction in gain.

A lot of rescarch work has been done on the topic of planar array synthesis and
various methods exist for synthesizing different array patterns, c.g., [Elliott, 2003].
However, this work only considers uniformn clement excitation simnilar to previous work
i multi-faceted antennas, as outlined i1 Section 4.1, Arrays with uniform excitation
arc siimpler to model and more generic than arrays with other illumination distribu-
tions. Hence, they are more appropriate for the performance evaluation presented in

Chapter 5.
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4.5 Array Aperture Shape

The shape of a uniformly illmminated array aperture affects the distribution of the
sidelobes of its array factor. Figure 4.4 illustrates contour plots of the array factor
for square and circular apertures. Both square and hexagonal grids are considered.
All apertures have roughly the same area, 2 7.5A2, and number of clements (between
121 and 129). The figure shows that the sidelobe distribution is dominated by the
aperture shape, while the grid shape has a minor influence. The figure also shows that
for the circular aperture, the sidelobe envelope decays more or less uniformly with 6.
Such a behavior can be achieved using square apertures but only when special element
excitations (other than uniforn) are considered, e.g., [Kim and Elliott, 1988§].

For multi-faceted antenna arrays, other aperture types may be used such as tri-

angles for pyramidal arrays, trapezoids for the side faces of pyramidal frusta, and

“ Square aperture | Circular aperture

Square grid

Triangular grid

— za
L as o o0s 1
M

Figure 4.4: The effect of aperture shape and grid type on the distribution of the
. d - ')
sidelobes of the array factors. All apertures shown have an arca of about 7.5A; and
contain between 121 and 129 clements.
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(N —1)-side regular polygons for the top faces of pyramidal {rusta. However, to facil-
itate the comparison between the planar, pyramidal, and pyramidal frustum antenna
arrays, only square and circular apertures will be considered, since they can casily be

inscribed within any face shape.

4.6 Summary

This chapter focused on the design of the planar antenna arrays supported by the faces
of a multi-faccted antenna array. An overview of previous work was presented. Then,
a detailed explanation for the choice of a few key array parameters was presented.
These chosen parameters will be used in the following chapter for evaluation. They

include:

e Using square or hexagonal clement grids. These grids result in broadside beams
with circular cross scections and lend themselves to casier determination of the

element spacing.

e Using an optimized method, which makes use of the special shape of the coverage
regions in multi-faceted antennas, to determine the largest possible element

spacing.

e Using uniformly excited elements in square or cireular array apertures because
they are simple and appropriate for the purpose of performance evaluation and

COMPATISOL.

Furthermore, an assessment of the improvement gained by using the optimized
method to determine the element spacing, over all valid coverage ranges of moderate-
size pyramids and pyramidal frusta, was presented. A comparison between the opti-
mized method and the basie formula typically used to determine the element spacing
showed that the optimized method reduces spacing by at most 10% below the basic
formula, and is generally within about 2% for most coverage ranges. Although this
improvement may not scem significant enough, it can be used to compensate for some

or all of the clement spacing reduction needed to avoid array blindness.



Chapter 5

Performance Evaluation and

Comparison

This chapter concerns the performance evaluation of multi-faceted antenna arrays. It
is emphasized that the different performance metrics presented here are only estimates
of the performance of implemented antennas. The assumptions used for performance
estimation are outlined wherever necessary. For brevity, “performance” is used here
to refer to the “estimated performance”.

In this chapter, previous work is first reviewed, then the performance evaluation
and comparison framework developed here is presented. The comparison includes
planar. pyramidal, and pyramidal frustum antenna arrays. The evaluation is per-
formed at different levels of details, i.e., using the geometric structure alone, then
incorporating the isotropic array factor, and linally including both the modelled and

the simulated element pattern of the CI? patceh antenna.

5.1 Previous Work

The purpose of the evaluation stage is to determine the optimal multi-faceted antenna
array structure by comparing the different structures with respect to meaningful cost
functions. Traditionally, structures were compared based on the number of array

faces, N, as claborated below.

70
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Knittel (1965) considered 3- and 4-face pyramids and 5 and 6-face pyramidal
frusta. He computed the degradation in the beamwidth and gain cansed by beam
scanning, by modelling the phased array as an infinite {lat current sheet [Wheeler,
1965] which is impedance matched at broadside and has a resistive mismatch over
the scan range. He compared the relative total number of elements and individual
array diameters (assuming circular arrays) of the four antenna structures, given equal
gain or cqual beamwidth at the maximum scan angles. The comparison showed that
the 4-face pyramid and the 6-face {rustum required the least number of elements for
equal gain and equal beamwidth at maximum scan, respectively. The results also
showed that the 6-face frustumn required the smallest array diameter and had the
lowest degradation in gain and beamwidth, since 1t has the smallest maximum scan
angle among the four antenna structures.

Waters, et al. (1998) compared 3-, 4-, and 5-face pyramids supporting active arrays
for surveillance radars with respect to volume scanning time. The voluine scanning
time refers to the time required to point the antenna beam in all possible positions
within a hemispherical volume, such that the beams overlap at their 3 dB points.
They assumed that the detection performance 1s the same in all heam positions and
that the total number of clements (T/R modules) was constant and divided equally
among the arrays. The individual arrays had a square aperture and clements were
laid out on a hexagonal grid. They also assumed that the array gain varies as the
cosine of the scan angle, cos™ v, and used two diflerent values of n; 1 and 1.5. The
comparison showed that the 3-face pyramid was the best choice, 1.c.; it had the least
vohune scann'ng time, for both values of n and for coverage extending from zenith
(£,=0°) to horizon (6,=90°) or to 45° elevation (H,=45°).

Jamnejad, et al. (2002) compared the diameters of the individual arrays in a 4-
face pyramid and a 7-face pyramidal frustum such that they provide the same gain as
a 70-meter diameter reflector, operating in the Ka-band, at 10° elevation. The gain
was assumed to vary as the cosine of the scan angle. The diameters were found to
be 83 and 75 meters, respectively.  Alternatively, if each face supported a 70-meter
circular array, the gain at maximum scan would be 1.5 dB and 0.6 dB lower than

that at broadside for the pyramid and the frustum, respectively. Therefore, the 7-face



CHAPTER 5. PERFORMANCE IEVALUATION AND COMPARISON 72

frustum is better than the 4-face pyramid in the sense that it has lower scan loss and
smaller array diameter, at the expense of a larger footprint and 3 extra arrays.

Trunk (2003) compared 3- and 4-face pyramids, also with respect to the scanning
tinie for volume surveillance. He used a slightly different model for the gain variation
from that used in [Waters ot al., 1998]: gain was assumed to vary as cos” v, where n
was sel to 1.25 till 45° scan and increased lincarly to 1.4 at 60° scan. He also included
the effects of {ill pulses for the pulse-Doppler waveforms used to detect targets in
clutter. He concluded that the 3- and 4-face systems were cssentially equivalent i
performance.

Jablon and Agrawal (2006) compared the total number of clements required in
3-face and 4-face pyramidal active array radars used for shipboard and land-based
tracking and discrimination functions. They assumed that the both structures had
equal power-aperture-gain (PAG) product at the respective maximum scan angles.
The individual arrays were assumed to have a square aperture and elements were laid
out on a hexagonal grid. The two criteria proposed in [Corey, 1985] were used to
determine the array face elevation angle (Section 4.1). Finally, the gain was assumed
to vary as cos™ v and two scts of values were considered: n=1.4 for the 3-face system
and 1.25 for the 4-face system; and n=2 for the 3-face system and 1.4 for the 4-face
system. The results showed that in all scenarios considered (i.c., two face elevation
angles and two sets of n) the 4-face system required less clements than the 3-face
systern.

Josefsson and Persson (2006) compared 3- and 4-face pyramids with respect to the
minimum cffective arca. given that both antennas {it within a constant base diameter.
The mininnn effective arca is defined as the projection of the array aperture arca in
the direction perpendicular to the direction of maximnmn scan, i.c., the aperture arca
times cosy. They showed that the the 4-face pyramid was better since it had a larger
winimum cffective arca than the 3-face pyramid, since its maximum scan angle, 7, is
smaller.

Table 5.1 summarizes the previous work outlined above. The table shows that
previous evaluation methods only considered the geometrie structure of the arrays,

1.c., the face clevation and the corresponding maximuin scan angles. Livery method
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Table 5.1: A summary of previous work in performance evaluation of multi-faceted
antenna arrays,

[ Source “ Structures considered , Cost function I Optimal structure J
Knittel (1965) 3- and 4-face pyramids | Total number of | 4-face pyramid for
and 5- and 6-face pyra- | elements equal gain, 6-face
midal frusta frustum  for ecqual
beamwidth
Knittel (1965) 3- and 4-face pyramids | Array diamcters | 6-face frustum

and 5- and 6-{face pyra-
midal frusta
Waters, ot al. || 3-, 4-, and 5-face pyra- | Volume scanning | 3-face pyramid

(1998) mids time

Jamnejad, et al. || 4-face pyramid and 7- | Gain 7-face frustun

(2002) face frustum

Trunk (2003) 3- and 4-face pyramids | Volume scanning | Both are equivalent
tine

Jablon and || 3- and 4-face pyramids | Total number of | 4-face pyraimd

Agrawal (2006) elements

Josefsson  and || 3- and 4-lace pyramids | Minimun  eflee- | 4-face pyramid

Persson (2006) tive arca

only compared a few structures (e.g., 3-, 4-, 5-face pyramids) and most methods dealt
only with pyramids. Moreover, most methods considered specific applications, e.g.,
radar surveillance, and hence the results are not readily applicable or casily extendable
to other applications. It is worth noting that no single structure is optimal based on
all cost functions, a fact that is typical in many engincering problems where different

specifications and tradeofls must be considered.

5.2 FEvaluation Framework

I this work, previously used cost functions (Table 5.1); along with a new set of generic

cost functions, are applied to N-face pyvramids and N-face pyramidal {rusta, as well

as planar antenna arrays. The new cost functions include antenna dimensions, scan
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loss, and directivity. Moreover, four levels of detail are used for evaluation, namely:
using the geometric structure only; using the antenna array factor; and using both
the modelled; and the simulated radiation patterns of the CP patch antenna chosen
here as the antenna element. Finally, all cost functions are used to compare planar,
pyramidal, and pyramidal [rustun antenna arrays.

5.2.1 FEvaluation Based on Geometric Structure

The first level of evaluation considers only the geometric structure of the antenna
arrays, i.c., the total number of faces, N, and ignores aspects such as the element
pattern and 1utual coupling. It is assumed that the optimal face elevation angle

computed using the minimax-hased approach (Section 2.3.2) is used for cach structure.

Maximum Scan Angle

The maximum scan angle encountered by an array is a dominant design factor that
affects the system cost. The gain of an array decrcases as the beam is scanned away
from broadside. Moreover, for the antenna element, gain and polarization purity also
fall off away from broadside. I other words, some element types only allow scanning
within a very limited range about broadside, without a significant loss in performance,
as was demonstrated for the cirenlar pateh antenna in Chapter 3.

The maximum scan angle, v, for a multi-faceted array can be determined based
on its geometric structure only, i.e., its face clevation, @, and total number of faces,
N. Considering factors such as finite distances between the target and the antenna
and finite antenna dimensions causes v (o increase. However, since the increase is
very small, as shown in Section 2.4, these factors will not be considered here,

Kmetzo (1967) compared the maximum scan angle of N-face pyramids and N-
face pyramidal frusta, but only for full hemispherical coverage (Section 2.2). Given a

general hemispherical scan coverage requirement of the form:

/

{(0,0):0 € [6,,0,),0 <0, <y < =.0€[0,2m)}, (5.1)

o]

the maximum scan angle for a planar array is always equal to 6, (Section 2.5). For
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the pyramidal and pyramidal frustum arrays. the maximum scan angles are computed
using the minimax-based approach, as described in Section 2.3.2.

Figure 5.1 compares the maximum scan angles for the three structures for two
different. coverage ranges. The figure shows how using multi-faceted arrays signifi-
cantly reduces the maximum scan angle compared to planar arrays, for both coverage
ranges. [t also shows that for a given number of array {aces, N, pyramidal {rusta arce
better than pyvramids, with the exception of the 4-face pyramidal frustum. Finally,
no significant reduction in the maximum scan angle, 7y, is achicved by using pyramids
with V> 7 or frusta with N > 10, as explained in Section 2.6.

An alternative way for comparison is shown in Figure 5.2. It illustrates how (a)
enlarging and (b) shrinking the coverage range aflects the maximum scan angle for a
planar, a 5-face pyramidal, and a 6-face pyramidal {rustum array. For 6,=0°, Figure
5.2(a) shows that as 0, increases, the pyramidal frustum exhibits the largest reduction
in . The reduction becomes more pronounced as €, increases. On the other hand,
Figure 5.2(b) shows how v changes as 61 increases, given a constant f. For small
values of €, the pyramidal frustum has the lowest maxiinum scan angle. However, as
6, increases that it satisfies the condition in (2.14), ~ for both the pyramid and the
pyramidal frustum become identical. This means that 6, is so far below zenith that

the top face becomes unnecessary, as explained in Section 2.3.1.
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Figure 5.1: The maximum scan angle of planar, pyramidal, and pyramidal frustum
antenna arrays, for two different coverage ranges.
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Beamwidth Broadening

The beamwidth of an antenna is a measure of the angular extent over which the
largest portion of the radiated power is concentrated. The resolution of an antenna,
when used for surveillance and tracking, for example, is inversely proportional to the
beamwidth: the smaller the beamwidth, the higher the resolution. The beamwidth of
a phased arrav antenna broadens as the beam is scanned away from broadside. For
very large arrays with narrow beams, the beamwidth increases by approximately a
factor of 1/ cos+y, as a result of scanning, where « is the scan angle [Elliott, 2003]. In

other words, the ratio of the broadside to scanned beamwidth is:

Rpw () = cos . (5.2)

This relationship is valid provided that the beam is not scanned to within a beamwidth
of endlire; which is the case for multi-faceted antenna arrays. At and near endfire,
other formulas that incorporate the size of the antenma array and the wavelength
should be used [Mailloux, 1994].

Figure 5.3 plots the ratio Ipw versus the total number of faces, N, in pyramids and
pyramidal frusta, as well as for a single planar array. The coverage range considered

is 6 € [0°,75°]. The plot exhibits a similar trend to the maximum scan angle (shown
; I 2
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pyramidal, and pyramidal frustuin arrays, assuming large arrays with narrow beaimns.
The coverage range used is 6 € [0°, 75°].

in Figure 5.1}, as can be scen in (5.2). Therefore, multi-faceted arrays have lower
variation in beamwidth ratio than planar arrays. Also. lor a given number of faces,

pyramidal frusta are better than pyramids, for values of N larger than 4 or 5.

Antenna Dimensions

The height and footprint of the antenna are important design factors that affect the
system cost, as in shipboard and vehicular applications, for example. To illustrate,
assume that the antenna is enclosed within a footprint of radius 2 and that cach
face supports a circular planar arrays as shown in Figure 5.4. For the multi-faceted
arrays, it is assumed that all faces support identical arrays for simplicity. (The antenna
dimensions are computed as described in Appendix C).

Figure 5.5(a) depicts the antenna height H, normalized by R. versus the total
number of faces for the coverage range 6 € [0°.75°]. For the multi-faceted arrays,
this is the height of the pyramidal frustum or the pyramid when it is truncated just
above the arrays on the side faces, as shown in Figure 5.4, The planar array has the
smallest heiglt; it is sct to zero, since only the geometric structure is considered, 1.c.,
the height of elements, groundplane, or feed networks is ignored. The figure shows
how the pyramidal structure is shorter than the pyramidal frustum for N > 4. This
is because the optimal face clevation of the pyramid is lower than that of the frustum
for this coverage range.

Figure 5.5(h) plots the arca, A, of the circular arrays supported by cach of the
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Figure 5.5: The antenna dimensions given a footprint of constant radius, 12, for planar,
pyramidal, and pyramidal frustum antenna arrays. The coverage range used in this
figure is € € [0°, 75°]. The height of the planar array is zero and its physical aperture
area is TI°.

faces, normalized by 7%, versus the total mummber of faces. The planar array has
the largest normalized area, which is equal to 1. The figure shows that, for a given
footprint, the pyramidal frustim supports arrays that are larger than those supported
by a pyramid, with the exception of the 4-face frustumni.

Figure 5.5(¢) plots the minimum projected area, A, of the circular arrays sup-
ported by cach of the faces, normalized by 7?2, versus N. Ay, is the same as the
minimum effective area used in [Josefsson and Persson, 2006] for pyramidal arrays, as
mentioned in Section 5.1, It follows a similar trend as the physical area, A. Figures

5.5(b) and 5.5(¢) also show that for a given footprint, A and A, are maximized
O Y nin
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when using 4-face pyramids and 6-face pyramidal frusta.

Geometric Directivity

The directivity of an antenna compares the radiation intensity in a given direction
to the average intensity (Section A.4). For large arrays, the maximum directivity, or
“geometric directivity”, is achieved using uniformly illuminated isotropic elements.
At broadside, the geometrie directivity is expressed as [Mailloux, 1994]:

4T A

ey (5.3)
AS

Dbl‘()a(lsi(lc =

where A is the physical aperture area and Ay is the wavelength. Therefore, the ge-
ometric directivity is directly proportional to the number of array elements for a
given clement spacing, regardless of the aperture shape. For a given footprint and
wavelength, f);,nmdsidc is thus directly proportional to the arca. A, depicted in Figure
5.5(b). Therefore, the figure shows that the planar array has the largest geometric di-
rectivity at broadside, followed by the pyramidal frustum, then the pyramid, with the
exception of the 4-face frustum. The figure also shows how the geometric directivity
decreases as A increases, for the pyramid and pyramidal {rustuin.

When the array antenna is scanned, the geometric directivity varies as the pro-
jected aperture area [Mailloux, 1994], i.c.:

- 47 A

Decanncd = T COs7y, (54)
0

where v is the scan angle. Thercfore, the minimum geometrie directivity is propor-
tional to the minimum projected arca, Ay, depicted in Figure 5.5(c¢). This rednction
in geometric directivity is due to the increased beamwidth, and does not include scan
loss. The figure shows that, with the exception of the 4-face frustum, the pyramidal
rustum exhibits larger geometrie directivity than at of the pyramid at maximum
frustu hibits larger geomet lirectivity than that of the py | at ma

scan. It also shows that the 6-face frustuin has the largest geometric directivity
among frusta, while the 4-face pyramid has the largest geometrie directivity among

.y : 1 - - - L T s Oy g -] 1T . -

pvramids. Although the planar array has the largest geometric direetivity among the
Diree structures for the coverage range [0°, 75°|, once scan losses are considered, the
three structures for the coverage ge [0°,75°], once losses a idered, the

multi-faceted arrays outperforur the planar array, as will be shown below.
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Scan Loss

The gain of an antenna is also an important design paramcter that affects the cost
of the antenna system. It compares the radiation intensity in a given direction to
the average intensity, while accounting for the power losses in the antenna material
[Elliott, 2003]. The relationship between the gain, G, of an antenna array and the

antenna directivity, D, is given by [Mailloux, 1994]:
G(0.6) = (1~ ITP)D(0. ), (5.5

where ¢, accounts for circuit clement losses and I' is the voltage reflection cocellicient.
It can be seen that 17 is taken as an cflective value which is the same {or each element
and that e, covers losses in both the elements and the combiner. D is computed using
(A.8) and thus includes the element pattern and the array factor, unlike the geometric
directivity, D. For very large arrays, as the beam is scanned away {rom broadside,
the beamwidth broadens by a factor of 1/cos, as seen in (5.2). The dircctivity is
inversely proportional to the beamwidth, i.c., the smaller the beamwidth, the larger
the directivity. The directivity is thus directly proportional to the aperture projection,
and is reduced by cos~y as a result of scanning. A decrease in directivity results in a
decrease in gain, as scen from (5.5). This reduction in gain is referred to as the scan
loss.

Two models are commonly used to approximate the mismatch loss term, L,,=(1 —
IT[2), in (5.5). The first model, used in [Knittel, 1965] and [Josefsson and Persson,
2006], uses the infinite current sheet model [Wheeler, 1965]. The infinite current
sheet is the limiting case for an array ol many closely spaced small electric dipoles.
It is impedance matched at broadside and has a purely resistive impedance which
varies as cosy in the E-plane and as 1/ cos vy in the H-plane. The magnitude of the
resulting voltage reflection coeflicient in both planes is thus |I'|=tan?~/2. Thercfore,

the mismatch loss, L, is expressed as:

I'(vF) ~ 1 —tan* =, (5.6)

Li(v)=(-

The sccond model, used in [Mailloux, 1994], [Waters et al., 1998], [Trunk, 2003], and
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[Jablon and Agrawal, 2006], approximates L,, as:

L(7) = (L= [T(9)[*) ~ cos™ ', (5.7)

where n 2 1 is the loss exponent which depends on the array clements and plane of
scan. Different values of n have been proposed as shown in Section 5.1. Therefore,

the dI3 scan loss at the maximum scan angle, v, may be expressed as:

o ———1 1 b
L() = 1010, ———— = 1010810 Tty Model 1 (5.8)
Lm(”/) Cosy 10 lo‘r’Jm ﬁ Model 2,

where L, represents the mismatch loss and the cos  term reflects the aperture projec-
tion. Note that neither model incorporates the cirenit losses. L is a positive quantity
that measures the difference between the gain at broadside and that at the maxinnun
scan angle.

Figure 5.6 illustrates the relationship between L computed using the two models
and v. The figure shows that the difference hetween the two models is within a
fraction of a dB3 for scan angles less than about 30°, regardless of the value of n. It
also shows that the two models are very siinilar for n=1.25, as suggested in [Josefsson
and Persson, 2006]. Lower values of n may be used for slot or dipole arrays in one
plane of scan. while higher values of n are needed for arrays of printed clements,

e.g., microstrip patches, since they sufler more severe degradation [Mailloux, 1994].

8.,
Therefore, n is set to 1.5 here, a value also suggested by R. €. Hansen (Private

commuuication with R. Vaughan).
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Figure 5.6: The relationship between the scan loss computed using the infinite current
sheet model and the cos™ v model for commonly used values of n.



CHAPTER 5. PERFORMANCE EVALUATION AND COMPARISON 82

Figure 5.7 compares the scan loss encountered in planar, pyramidal, and pyramidal
frustum antenna arrays, using the sccond scan loss model, for the coverage range
6 € [0°.75°]. It shows how multi-faceted arrays encounter much lower scan loss than
the planar array. Using N 2 5 array faces results in a scan loss that is less than 3
dB, and pyramidal {rusta are superior to pyramids for such values of N.

Equation (5.8) can be used to choose among the three array structures as follows.
Given a maximnum acceptlable value of L, Ly, (5.8) is used to map it into a maximum
acceptable value of v, vy, Then, based on the required coverage range, one can use
design curves such as those given in Figure 5.1 to choose the simplest array structure
having a maximuin scan angle that is less than or equal to Y.

An example is shown in Figure 5.8(a). Lyax is set to 3 dB and all valid coverage
ranges are considered with increments of 1° in 8, and €5, L., is translated into a
Ymax O 51° using (5.8). Then, for every coverage range, the three array structures are
examined i1 descending order with respect to simplicity. In other words, a plane is
considered first, then a 3-face pyramid, then a 4-face pyramid, then a 4-face frustum,
then a >-face pyramid, and so on. Finally, the simplest array structure with v < ~a
is sclected. In the figure, the symbols [, p;, and f; refer to planar, i-face pyramidal,
and j-face pyramidal frustum arrays, respectively. Figure 5.8(a) shows that a planar
array is sufficient for coverage ranges with 6, < 51°. Then, pyramidal arrays should
be used, since they reduce v below 6.

Three other examples are shown in Figures 5.8(b) through 5.8(d), where L.

is set to 2.5 dB, 2 dB, and 1.5 dB, respectively. The corresponding values of ..

¥
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Figure 5.7: The scan loss, L=10log,,cos 7+, for planar, pyramidal, and pyramidal
—v:—o]

frustum antenna arrays. The coverage range used in this ligure is 6 € [0°,75
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Figure 5.8: Choosing among planar, pyramidal, and pyramidal [rustuimn arrays based
on a maximum acceptable scan loss, Ly, of (a) 3 dB, (b) 2.5 dB, (¢) 2 dB, and (d)
1.5 dB. The symbols I, p;, and f; refer to planar, i-face pyramid, and j-face pyramidal
frustum, respectively. Valid coverage ranges have 6 < 6.

arc 47°, 43°, and 37°. In these cases, a planar array is good only for 6y < 7Y«
Then, pyramidal arrays need to be used for larger coverage ranges. For the largest
ranges, pyramidal frusta should be used, since they provide a significant reduction in
v, compared to pyramids. The conclusions are that (i) planar arrays arc suflicient
for narrow coverage ranges around zenith, (i) pyramidal arrays should be used for
narrow coverage ranges away from zenith or when high scan losses can be tolerated,
and (iii) pyramidal {rusta should be used when only low scan losses are acceptable.
Although these conclusions are intuitively obvious, the design curves shown in Figure

5.8 present explicit quantitative boundaries between the different decision regions.
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Total Number of Elements

A large portion (70-80%) ol the total cost of an antenna array is due to components
such as antenna elements, phase shifters or time delay modules; and power supplics
[Jablon and Agrawal, 2006]. The cost of these components is directly proportional to
the total number of array elements. A siimple model was presented in [Knittel, 1965]
to compare the total number of clements in pyramidal arrays to achieve ecither equal
gain or equal scan plane beamwidth at the respective maximum scan angle. The
model represents the array using the infinite current sheet model described above,
and thus the element pattern is not included. This model is adapted and extended
here to consider pyramidal [rustum and planar arrays, as well as incorporate the two
scan loss models presented above and two diflerent methods to compute the element
spacing.

The number of elements reguired to achieve equal gain at the maximum scan angles
1s determined as follows. Since gain is directly proportional to the face aperture arca,
and gain is also proportional to the scan loss, L, (the ratio of gain at broadside to

that at maximum scan given in (3.8)), then:

Single array arca o L(~)
L

E.(v) x Element area o L(7y) [, : Number of element, per array,  (5.9)
L (v) {—;;L("/)7 d : Element spacing,

where o< denotes “proportional to”, and a linear (rather than a dB) scale is used for L.

The above formula is valid for square or hexagonal clement grids, where the element
o ) . -

arcas arc equel to d? and 2d2, respectively. Therefore, the total number of elenients,

15, i planar, pyramidal, and pyramidal {rustn arrays is given by:

Lo () plane,
Elv) oc ¢ NI2W(v,) pyramid, (5.10)

Lo(vp) + (N =D E(vs) frustum,

where 7, 7v,, and 57 are the maximum scan angles encountered by planar, pyramidal,

and pyramidal frustum arrays. respectively, for a given coverage range. 7y, is the
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maximuin scan angle for the top face of the frustum. It is always less than or equal to
vf, and hence the clement spacing, d, for the top face is always greater than or equal
to that of the side faces.

The number of elements required to achieve cqual scan plane beamwidth at the
maximum scan angles can be determined in a similar manner.  The scan plane
beamwidth is inversely proportional to the array length along that plane. There-

fore, the face area is inversely proportional to the square of the beamwidth, i.e.,

1

Single array area — L
Singlc yarea o gper.

N A oo R NaTs —_1 o
Eu(y) % Element area o¢ s, (5.11)

Erl(ﬁ//) x o .

where Rpw(7y) s the ratio of broadside to scanned beamwidth given in (5.2). The
total mmmber of elements, £, can then be computed using (5.10).

Figure 5.9 illustrates how the total number of clements, Fy, varies in planar, pyra-
midal and pyramidal frustum antenna arrays, for the coverage range 6 € [0°,75°].
The two methods presented in Section 4.3 to compute the clement spacing are used
(left and right columns). Tor equal gain at the maximun scan angles (top), £, is
computed using (5.9), and F} is normalized by the total number of clements in a
4-face pyramid. For equal beamwidth (bottom), [7, is computed using (5.11), and I
is normalized by the total number of elements in a 7-face frustum. The thin dashed
lines mark £10% around the values of ), used [or normalization.

The figure shows that the 4-face pyramid requires the least nuimnber of elements
among pyramids. The total number of elements in 6- and 7-face frusta are roughly
the same, and are the lowest among [rusta. However, depending on the scan loss
model and the clement spacing, other structures require a comparable (within £10%)
number of clements, such as the 5-face pyramid. For simall values of N, both pyramids
and pyramidal frusta require less elements than the planar array, since their maximuin
scan angles are much lower. Finally, for large N, [4, increases almost linearly. This is
bhecause such large values of N reduce the maximum scan angle very slightly causing

7, to remain more or less constant, while £y still inereases as N I2,, as shown in (5.10).
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5.2.2 Evaluation Using The Array Factor

The seccond level of evaluation considers not only the geometric structure of cach
antenna, but also its array factor. The array factor considers the lavout, number,
and excitation of the array clements, assuming all clements are isotropic (Section
A5), 1.e., the clement pattern is not included at this level. Therefore, while the cost
functions computed in Section 5.2.1 typically assumed very large arrays, this scction
explicitly considers the structure of the planar antenna arrays supported by cach face
in a pyramidal of pyramidal frustuim antenna. The planar array structure refers to
the array aperture size and the distribution of antenna clements within it.

It is important to note that the maximum scan angles and the antenna dimensions
computed in Scection 5.2.1 still apply at this level, as well as the two following levels.
This is because both cost functions are ouly aflected by the geometry of the antenna
structure. Beamwidth broadening and directivity will he considered at this level, since
they are influenced by the planar array structure. The scan loss can be computed at
this level, since the gain is approximately equal to the product of the directivity and
the mismatch loss, as shown in (5.5). Either one of the two models of the mismatch
loss introduced in (5.8) may be used. Because these relations are approximate, it is
suflicient here to compute the directivity, since computing the approximate gain will
not add any more insight than that presented in Section 5.2.1. The total number of
clements required by the different structures, for a given footprint, is also examined.

The antenna is assumed to fit within a footprint of radius R. All array elements
arc assumed to be identical, isotropic, and uniformly excited, and mutual conupling
is ignored. Two aperture shapes are considered, namely, square and circular. Two
element grids are used: a square grid using the basic element spacing, and a hexagonal
grid using the optimal clement spacing. More details on the choice of these array

parameters can be found in Chapter 4.
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Beamwidth

The half-power, or 3 dB, beamwidth, O34, of a large, uniformly illmninated linear

array is given by [Hansen, 1998]:

| A A
Ogan = sin” ! [ sinfy 4+ 0.4429=2 ) —sin!  sinfy — 0.4429-"2 } | (5.12)
Nd Nd

where, 64 is the scan angle, N is the number of elements and d is the clement spacing.
The constant 0.4429 is the half-power point of the sine function, which approximates
the array factor of a large, uniformly illuminated linear array. iquation (5.12) can be
used to compute the beamwidth mn either of the principal scan planes of a uniformly
illmninated square array, with clements laid out on a square grid. In this case, N =
Ny = N, is the number of clements along cither side of the square, and d = d, = d,
1s the corresponding clement spacing. The beam collapses near endfire, where the

beamwidth may be approximated using:

()8858/\() . T /\() ~
N if Oy > sin 11— ().44291\—/,(1 , (5.13)

Osai ~

if the array is over a ground screen. Without the ground screen, 5453 is double that is
given in (5.13). Equations (5.12) and (5.13) are used here to compute the beamwidth
when square apertures with square grids are used.  Scanning the beam to endfire
may result in increased directivity (The Hansen-Woodyard condition). However, this
condition is not applicable here.

No exact formulas exist for computing the beamwidth for aperture shapes other
than square or rectangular apertures or for element grids that are not square or rect-
angular. Instcad, the beamwidth must be computed graphically or numerically from
the array factor (IKquation (A.18)). Here, the beamwidth is computed numerically

when circular apertures and/or hexagonal grids are used.

Directivity

In general, it is necessary to use approximate formulas to determine the directivity

of a planar array [Hansen, 1998]. No simple closed-form formula exists. even for
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rectangular apertures with rectangular grids. Instead, it is necessary to compute the
array directivity using (Scction A.4):

[F(0, 0)?
L 27 [TV R, )2 sin 0/de'dy

A

(5.14)

D(6,¢) =
The integral in the denominator of (5.14) is computed numerically here.

Results

Figure 5.10 depicts the beamwidths and directivities computed for planar, pyramidal,
and pyramidal frustum arrays. A circle is first inscribed in cach array face, then a
square aperture is inscribed inside that circle, and a square element grid is used. Two
footprint radii are considered, R = 8y (top) and R = 16\, (bottom). The coverage
range used in Lhis figure is ¢ € [0°,75°].

Figure 5.10(a) plots the ratio of the beamwidth at broadside to that at the maxi-
mum scan angle for each antenna structure (plane, pyramid, and pyramidal {rustum).
The figure exhibits a similar trend, with slightly different values, as Figure 5.3, which
only assumed a very large aperture and did not consider the planar array structure.
A very good maltch, however, is obtained using the larger footprint radius as shown
in Figure 5.10(f).

Figures 5.10(b) and 5.10(g) depict the broadside directivity for the two [ootprint
radii, respectively. The ligures show similar trends as those shown in Figure 5.5(h),
i.e., (i) the planar array has the largest directivity, (ii) the 4-face pyramid has the
largest directivity among pyramids but the 3- and 5-face pyramids are within 2 dB
from it, and (iii) the 6-face frustum has the largest directivity among {rusta but the
directivities of the 5- and 7-face frusta are very similar. The results obtained using
the larger footprint, I = 16y, more closely resemble those in Figure 5.5(h).

Figures 5.10(¢) and 5.10(h) depict the directivity at maximum scan for the two
footprint radii. respectively. The planar array still has the largest directivity, How-
cver, its directivity at maximum scan is about 9 dB less than the directivity at hroad-
side, as opposed to a drop of 4 to 5 dB for the multi-faceted antennas. The 4-face

pyramid has the largest directivity among pyramids, {ollowed by the 3- and 5-face
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pyramids, while the 6-face frustum has the largest directivity among frusta, followed
by the 5- and 7-face frusta. Again, a better match to Figure 5.5(¢) is obtained using
the larger footprint, & = 16,

To put these results into perspective, Figures 5.10(d) and 5.10(¢), and 5.10(1) and
5.10(j), compare the number of elements and the planar array aperture arvcas used
by the planar array, and that used by cach face array in pyramidal and pyramidal
frustum antennas, for the two footprint radii, respectively. Although the planar array
has the largest directivity at broadside and maximumn scan, it requires roughly 10
times as many clements and 6 times the arca as a single face array. Thercfore, for a
siall number of faces, N, multi-faceted antennas require a smaller total number of
clements than the planar array.

Figures 5.11 and 5.12 show similar results for square and circular array apertures,
respectively. Hexagonal grids with optimal clement spacing arc used in both apertures.
The trends exhibited in the figures are very similar to those of the square apertures
with square clement grids (Figure 5.10), in terms of heamwidth ratio, broadside and
maximum scan directivities, number of elements, and aperture area. The crceular
apertures are dircctly inscribed in cach array face, and thus their areas arc larger
than the square apertures. Consequently, they also require more elements. Also, the
advantage of the 4-face pyramid and the 6-face frustum, in terms of the directivity
al maximum scan, is only noticeable for the large footprint (2 = 16)\g), while it

disappears for the small footprint (12 = 8\g).

5.2.3 Evaluation Using the Modelled Element Pattern

This level of the evaluation framework deals with the modelled array pattern. In
other words, it considers the geometric structure of each antenna, the array factor of
the individual planar array, and the modelled clement pattern. A broadside LHCP
ideal pateh with a foam substrate (e, = 1.25) is assuined, and its clement pattern is
computed using (3.6). The array pattern is computed as the product of the modelled
clement pattern and the array factor using (A.11), i.e., mutual coupling is neglected.

The results presented in Section 5.2.2 were more or less the same, regardless of the
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aperture shape and element grid. Therefore, a circular aperture with a hexagonal grid
is used here. Consequently, the number of clements per aperture and the aperture
areas are exactly the same as those shown in Figures 5.12(d) and 5.12(¢), and 5.12(i)
and 5.12(j), for the two footprint radii.

Figure 5.13 depicts the beamwidth ratio, and the directivities at broadside and
maximum scan, for the two footprint radii, and using the coverage range 6 € [0°, 75°].
The trends are very similar to those shown in Figure 5.12. The major difference is
the large reduction in the directivity of the planar array at the maximum scan angle,
about 15 dIB3. The reason for this sharp drop is that the far-ficld pattern of the patch
antenna decavs rapidly at large zenith angles (near the array plane) and that the
single planar array needs to scan up to 75° while the multi-faceted arrays need to
scan to at most 57°. In this case, the 6- or 7-face [rusta are a better choice than a

single planar array or any N-face pyramid.

5.2.4 Evaluation Using the Simulated Element Pattern

The final level of the evaluation framework uses the simulated array pattern, com-
puted as the product of the simulated isolated element pattern and the array fac-
tor. Thercfore, the geometric structure of cach antenna, the planar array factor, and
the simulated clement pattern are included, but the mutual couphing is neglected. A
broadside LHCP patch with a foam substrate (e, = 1.25) was designed for a {requency
of 1.48 GHz and the array patterns were computed using Microwave Studio®@). an EM
simulation software package by Computer Simulation Technology (CST).

The sinmulated antenna structure is similar to that shown in Figure 3.1 and the
parameters used for simulation are summarized in Table 5.2, Figure 5.14 shows the
far-field radiation patterns, co- and cross-polar patterns, and cuts of the co- and
cross-polar patterns in the ¢ = 0° and ¢ = 90° planes, for both the modelled and
siimulated antenna clements.  The figure shows that the #-components of the far-
field patterns and the cross-polar patterns differ slightly between the modelled and
siimulated clements. There is also a difference in the lobes of the cross-polar patterns.

The differences are due to the fact that the simulator accounts lor more structural
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details than the model (Refer to the model assumptions in Section 3.3.1), and therefore
the effective radius of the simulated pateh will be different from the ring source radius
from the cavity mode.

The simulations were performed using a {ootprint radius I = 8¢, and hence the
number of clements per aperture and the aperture areas are exactly the same as those
shown in Figures 5.12(d) and 5.12(¢), respectively. The simulation results are shown
in Figure 5.15. The beamwidth ratio eurves shown in Figure 5.15(a) are very similar
to those obtained using the modelled element, shown in Figure 5.13(a). The broadside
dircetivity shows a similar behavior to that in Figure 5.13(b), which was computed
using the modelled element pattern.

The most interesting result is the belhiavior of the directivity at maximum scan

curves shown in Figure 5.15(¢). The ligure shows an even larger drop in the planar
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Figure 5.13: Evaluation using the modelled pattern of the CP pateh antenna clement.
Circular array apertures and hexagonal element grids, with the optimal element spac-
ing, arc used. Two different values of {ootprint radius, R = 8Ag (top) and R = 16
(bottom). The coverage range used is 6 € [0°, 75°].
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array directivity (about 20 dB) than that computed using the modelled clement pat-
tern. This is due to the faster decay of the f-component of the siimulated clement
pattern as # increases, as shown in Figure 5.14 (top) (Recall that the scan angle 7 is
measured from the broadside direction of the array, and hence the patch, 1.e., 8 here
is cquivalent to ). Clearly, the multi-faceted antennas have a significant advantage
over the single planar array, with the best performers being pyramidal frusta with 6

to 10 faces.

5.3 Results

Table 5.3 summarizes the results of all four levels of evaluation discussed in Section
5.2. The terms “small”, “moderate”, and “large” margins used in the table indicate
differences of around 10%, between 10% and 100%, and larger than 100%, respectively.
The results are based on Figures 5.1 through 5.15 which use the coverage range 6 €
[0°,75°].  However, similar trends are expected to hold for other coverage ranges,
with multi-faceted antenna arrays having a larger advantage over planar arrays as the
coverage range becomes wider or closer to horizon. This is because all cost functions

arc alfected by the maxiinum scan angle. which in turn is determined by the total

Table 5.2: Parameters of the simulated CP circular patch antenna. The pateh struce-
fure i1s shown in Figure 3.1.

| Parameter “ Value I
Frequency 1.48 GHz
Relative substrate permittivity 1.25
Patch radius, a 50.9 mimn
Distance from feed to patch center, d || 15.3 mm
Patch height, A 0.1 mm
Substrate height 1 mm
Groundplane height 3 mm
Feed conductor radius 1 mm
Feed diclectric radius 4 mm
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Modelled antenna element Simulated antenna clement

Lincar scale plots of the
6- and ¢-componcuts of the

far-ficld radiation pattern

Lincar scale plots of the co-
and cross-polar patterns

(| F,,. enlarged by a factor of 2)

Cuts of the co- and cross-polar

patterns at o = 0° (dB scale)

Cuts of the co- and cross-polar

patterns at ¢ = 90° (dB scale)

Figure 5.14: The far-field radiation patterns, the co- and cross-polar patterns, and
cuts of the co- and cross-polar patterns in the ¢ = 0° and ¢ = 90° planes, for the
modelled (left) and the simulated (right) antenna clements. Sce text for conunents
on the difference between the patterns of the modelled and the simulated patches.

number of array faces used, as elaborated in Section 2.6.

The comparison results with respect to the maximum scan angle and antenna
dimensions apply at all levels of evaluation. This is because they are mainly aflected
by the geometric structure of the antenna. The beamwidth broadening results appear
to remain more or less unchanged (especially using large arrays), regardless of the
level of evaluation. The planar array always has the largest directivity at broadside
regardless of the level of evaluation, owing to its larger aperture area and number of
elements for a given antenna footprint.

Planar arrays also seem to have an advantage, in terms of the directivity at the

maximmun scan angle (minimum directivity), when considering the geometric structure



CHAPTER 5. PERFORMANCE EVALUATION AND COMPARISON 98

° 30— — —
i . --- Plane
£ o 3 T —4— Pyramid
-] e c 43 Frustum |
£ 2 8 25 —
£ 2 g
© 23 £ |
& k] 5
5 g E eBeg |
g 325 = 20 o Copl g
§ z : /\‘ i
5 = ;
2 ® .

e 2™ z —.\—*\NN
2 3 T S U
3 S g | o
T | Pyramid o 2

Il a- a
o || - Frustum
T = Y = = 10 Smma — g

3 6 9 12 3 6 9 12 3 6 ] 12

Total number of faces. N Total number of faces, N Total number of faces, N
(#) Bearawidth ratio (b) Dircctivity at broadside (c) Directivity at maximum scan

Figure 5.15: Evaluation using the simulated pattern of the CP patch antenna cle-
ment. Circular array apertures and hexagonal clement grids, with the optimal ele-
ment spacing, are used. The footprint radius used is 17 = 8\ and the coverage range
s 6 € [0°,75°].

and the array factor. However, once the clement pattern is included, the advantage of
using multi-faceted antennas bhecomes more pronounced. In fact, when the evaluation
is performed using the simulated element pattern (which is a more realistic scenario
that better resenubles the working antenna), the advantage of using pyramidal or
pyramidal frustuim antenna arrays is significant.

The multi-faceted antenna arrays arc also better than planar arrays in the sense
that they require a smaller total number of clements to achieve a better minimum
dircctivity, for a given antenna foolprint. Moreover, the scan loss model and the
nethod used for computing the element spacing seem to have little impact on the
number of elements required, as shown in Figure 5.9. Finally, the aperture shape and
the clement grid type appear to have a very minor influence on the results obtained

using all of the cost functions.

5.4 Summary

This chapter presented the performance evalnation and comparison framework de-
veloped here to compare the different array structures. Unlike previously reported

evaluation methods, this framework:
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Table 5.3: A summary of the performance evaluation results.

| Cost function || Optimal structure(s)

Evaluation based on geometric design

Maximum
scan angle

Frusta with N=6 to 10, followed by pyramids with N=4 to 7 hy
a moderate margin, then the planar array by a large margin.

Beamwidth

Frusta with N=6 to 10, followed by pyramids with N=4 to 7 by

directivity!

broadening a small margin, then the planar array by a large margin.
Antenna e Height: planar arrays, {ollowed by pyramids and {rusta by a
dimensions! large margin. The larger the nimmber of faces the better.
e Physical aperture arca: planar arrays, followed by frusta with
N=5 to 7 and pyramids with N=3 to 5 by a large margin.
e Minimum projected aperture area: planar array by a moderate
margin, followed by frusta with N=5 to 7 and pyramids with N=3
to 6.
Broadside Planar arrays by a large margin, followed by frusta with N=5 to
geometric 7 and pyramids with N=3 to 5.
directivity!
Minimum Planar arrays by a moderate margin, followed by frusta with N=5
geometric to 7, then pyramids with N=3 (o 6.

Scan loss

Frusta with N=6 to 8, followed closely (within 1dB) by pyramids
with N=4 to 5. Both are better than the planar array by a large
margin.

Total number
of elemoents

e [Cqual gain at maximum scan: pyramids with N=4 to 5 and
frusta with N=5 to 7 arc very shuilar, followed by planar arrays
by a moderate margin.

e Fqual scan plane beamwidth al maximum scan: pyramids with
N=4 to 5 and [rusta with N=5 to 9 are very similar, followed by
planar arravs by a large margin.

Isvaluation usi

1

g the array factor

directivity

Beamwidth Frusta with N=6 to 10, followed by pyramids with N=4 to 7 by
rroadening a small margin, then the planar array by a large margin.
broadening 1 small rgin, then the plan ray by a large margin
Broadside Planar arrays by a large margin, followed by frusta with N=5 to

7 and pyramids with N=3 to 3.

Miniimun
directivity”

Planar arrays by a moderate margin, followed by frusta with N=5
to 7, then pyramids with N=3 to 6.

Total munber
of clements?

Pyvramids with N=3 to 7, foHowed by {rusta with N=4 to 8 by a
small margin, then planar arrays by moderate margin.

T Given a constant antenna footprint.
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Table 5.3: A summary of the performance evaluation results (continued).

] Cost. function lL()ptimal structure(s)

_

Evaluation using the modelled clement pattern

directivity!

Beamwidth Similar results as those found using the array factor only.
broadening

Dircctivity at || Siiilar results as those found using the array factor only.
broadsidel

Minimum Frusta with N=5 to 8, followed by planar arrays with a small

margin, then pyramids with N=4 to 8 by a modcrate margin.

Total number
of clements!

Exact samne results as those {found using the array factor.

Evaluation usi

1

g the simulated element pattern

Beamwidth

Similar results as those found using the array factor only.

directivity?

broadening

Directivity at || Similar results as those found using the array factor only.
broadsidef

Mintmum Frusta with N=3 to 9, followed by pyramids with N=4 to 8 by a

moderate margin, then planar arrays by a moderate margin.

Total nunber
of elements!

Iixact same results as those found using the array factor.

T Given a constant antenna footprint.

e Compares N-face pyramidal, N-face pyramidal frustum, and planar array struc-

tures.

o Lvaluates the three structures at four diflerent levels of detail, first using only

the geometric structure, then incorporating the isotropic array factor, and finally

mcluding both the modelled and the simulated element patterns.

The pateh antenna was used as the antenna clement, and owing to its wide use, the

results presented here should be useful for a wide range of practical designs.

The results demonstrate how the multi-faceted antennas have a clear advantage

over planar arrays. Once the element pattern is considered in the evaluation, as will be

done when designing a working antenna, this advantage becomes clearly significant.

Morcover, although only a few coverage ranges were used for comparison using the
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different cost functions, similar trends are expected to hold for other coverage ranges,
with multi-faceted antenna arrays showing a larger advantage over planar arrays as
the coverage range becomes wider and/or closer to horizon. For narrow coverage
ranges that are close to zenith or when high scan losses can be tolerated, it is sufli-
cient to use planar arrays. Although these qualitative conclusions seem intuitive, the
results presented here provide quantitative guidelines that can be used by the antenna
designer.

The results also show that no clear improvement is gained by using more than
about 10 array faces, given the added area, cost, and complexity involved. Also, under
most circumstances, there is no significant difference in performance between pyramids
and pyramidal frusta with a moderate number of faces (N=4 to 7 for pyramid, and
5 to 9 for pyramidal frusta). However, the design curves presented here will help the
antenna designer select the number of faces based on the cost functions that are most

relevant for the underlying application.



Chapter 6
Conclusion

This chapter smminarizes the material presented in this thesis. 1t also outlines the
contributions of the conducted resecarch work and summmarizes the conclusions that

can be drawn {rom them.

6.1 Summary

This work involved the modelling and design of multi-faceted antenna arrays for pro-
viding general hemispherical scan coverage. Two classes of multi-faceted antenna
arrays were usced, namely, pyramids and pyramidal frusta, and four stages of their
design process were considered. A review of related previous work in cach of the four
stages was presented in the respective chapters.

The first stage dealt with the geometric design of the antenna.  The optimal
antenna geometry, in terins of the face elevation for a given number of faces, was
determined subject to minimizing the maximun scan augle encountered by the indi-
vidual face arrays. The second stage focused on the design of the circularly polarized
circular patch antenna, chosen here as the array element. The polarization purity of
the antenna was examined over different angular intervals which are related to the
coverage arcas of the individual array faces. The third stage dealt with the design of
the individual antenna array, which is supported by cach of the antenna faces. Key

array parameters including the element grid, spacing, and excitation, and aperture

102
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shape, were selected based on the special requirements of the multi-faceted antenna
arrays. The final stage involved the evaluation of the estimated performance of multi-
faceted antenna arrays, and a comparison between them and planar arrays, using

widely applicable cost functions.

6.2 Contributions and Conclusions

The research work presented here resulted in many contributions to the arca of multi-

faceted antenna design. The contributions in the geometric design stage include:

e Sinple equalization-based and novel minimax-based methods to determine the
optimal face elevation of pyramids and pyramidal frusta given a general liemi-

spherical scan coverage requirenient.

e An investigation of the impact of far-field approximation on the maximum scan

angle when the optimal geometry is used.

e An investigation of the impact of the total munber of array faces on the maxi-

mum scan angle.

The results demonstrated that increasing the number of faces of pyramids beyond
7, or pyraundal frusta beyond 10, brings only diminished returns to reducing the
maxinnumn scan angle. The results also showed that the maximum scan angle increases
only slightly at distances equal to or larger than the far-field approximation, 10D?/\,
typically used for far-ficld pattern measurement.

In the circular patch antenna design stage, an investigation of the antenna circular
polarization purity, over angular sectors about the antenna broadside, was performed.

The investigation showed that:

e There is a well-defined optimal patch size for each mode which produces ex-
tremely pure polarization. For the broadside radiation mode, this corresponds

to patch radii around A/4 and a substrate relative permittivity of about 1.25.
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e The effect of amplitude tolerance is less severe than that of phase shift or feed
position tolerances. However, the presence of any tolerance reduces the polar-

ization purity of the patch.

A comparison with experimental patch antenna designs demonstrate that the numer-
1cal results serve as upper bounds for the polarization purity of patch antennas on a
large ground plane. These results are not only relevant to multi-faceted antennas but
also to a wider variety of wireless and mobile communication applications that usc
circular polarization.

In the planar antenna array design stage, an asscssment was presented of the
improvement gained by computing the clement spacing, such that the special coverage
extent of the array faces is utilized. A comparison with the basic method typically
uscd to determine the element spacing showed an improvement. of only a few percent.
This improvement, although minor, can compensate for some or all of the spacing
reduction needed to avoid array blindness.

Finally, the performance evaluation ramework compared planar, pyramidal, and
pyramidal frustum antenna arrays. Four different levels of evaluation were performed:
using the geometric structure alone; then incorporating the isotropic array factor; and
finally including both the modelled; and the simulated clement patterns. The results
demonstrated that the performance advantages of multi-faceted antenna arrays over
planar arrays increase as the coverage range becomes wider and /or closer to horizon,
while planar arrays are sufficient for narrow coverage ranges that are close to zenith.
These advantages become even more significant once the radiation characteristies of
the antenna element are considered. The results also show that no clear improvement
is gained by using more than about 10 array laces, given the added area, cost, and
complexity involved.  Morcover, under most circumstances, there is no signilicant
dillerence in performance among pyramids with 4 to 7 faces or among pyramidal

frusta with 5 to 9 faces.



Appendix A

Antennas and Antenna Arrays

This appendix provides a brief overview of important concepts in the theory of an-
tennas and antenna arrays. These concepts are {requently referred to in Chapters 2

through 5.

A.1 Antennas, Waves, and Polarization

An antenna is the part of a wireless communication system that radiates or receives
clectromagnetic waves. A transmitting antenna converts clectrical power into radiated
clectromagnetic energy, whercas a receiving antenna collects energy and converts it
to electrical power [Wright, 1987]. An antenna is typically required to operate over
a relatively narrow frequency band, described by its free-space center frequency, [y,
and bandwidth. Efficient transmission or reception is achieved by tuning the antenna

characteristics to that frequency band.

Electromagnetic Waves

Electromagnetic waves are composed of coexistent, time-varying, electric and mag-
netic fields which are related through Maxwell’s ecquations. An clectromagnetic wave
is characterized by its frequency of oscillation, intensity, dircction of propagation,

and polarization. A transverse clectromagnetic wave is one in which the clectric field
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vector, By and the magnetic field vector, H, are perpendicular to cach other and are
confined in a plane that is perpendicular to the direction of wave propagation. The
phase front, which is the surface of constant phase, of a wave depends on the shape
and extent of the wave source. Although all sources have finite dimensions, the phase
fronts at sufliciently large distances from the source are spheres, i.e. finite sources
radiate spherical waves. Morcover, such large spherical phase {ronts can be approx-
imated by planes, giving rise to plane waves [Stutzman, 1993]. The instantancous
clectric and magnetic fields of a plane wave traveling in the positive z direction can

be expressed as [Balanis, 1989]:

E = E(,z)

E.x + Eyy

g cos (wl — kz 4 8,)8 + [, cos (wl — kz +0,)7,
H = H(/,z2)

H.r+ Hyj

= —%’i cos (wl — kz +0,)T + %—Q cos (wt — kz 4 0,)1,

(A1)

where 2 and 7 are unit vectors along the x and y directions, ., and E 4 are the
amplitudes of E in the 2 and gy directions, w = 27 f is the radian frequency of the
wave, k = “)T” is the wave number, A is the wavelength, and §, and ¢, are the initial
phases of the r and y components of E. 7 = /u/e is the intrinsic impedance of the
nedium where the wave is traveling, where € is the medium permittivity and p is the

medium permeability. The intrinsic impedance of free space, 7, 1s equal to 1207 or

3776

Polarization

The polarization of an antenna is that of the plane wave transmitted by that antenna.
The polarization of a ficld vector, associated with a wave, describes the hehavior of
that ficld at a fixed point in space as a function of time, in terms of shape (linear,
circular. or clliptical), orientation (or tilt), and rotation sense (right- or left-handed)

of the extremity of the field [IEEE, 1983]. Polarization is typically associated with the

clectric ficld vector, B, which can bhe decomposed into two orthiogonal components, as
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shown in Equation A.1.

A wave is linearly polarized (LP) if E is always oriented along a straight line
at cvery instance of time at a fixed point in space. This occurs when either of the
components fv, or F, vanishes, or if both components exist and are in phase or
180° out of phase. The former case vields horizontal or vertical polarization, while
the later yields linear polarization with a tilt angle ¢ = tan 1(E_,,U/E,[,()). Circular
polarization (CP). on the other hand. requires that the two components of E have
equal amplitudes and be in phase quadrature. The sense of polarization is determined
by viewing the polarization plane, which is the plane containing E, with the wave
direction approaching the observer. At a fixed point in space, if the tip of E rotates
counterclockwise as a function of time, the wave is right-hand polarized. Alternatively,
if the tip of E rotates clockwise, the wave is left-hand polarized [Stutzman, 1993].
Both linear and circular polarizations are generalizations of elliptical polarization
(EP), where the tip of E traces an ellipse whose major axis may be tilted by an angle
¥ from the 2 axis.

It is important that the transmit and receive antenias in a communication system
usc the same polarization. A mismatch in polarization shape, orientation, or sense
of rotation, between the two antennas typically causes significant degradation of the
signal. For example, an orientation mismatch of 45° between two lHnear polarizations,
or a shape mismatch (e.g. linear and circular), may cause degradations of up to 3
dB. Using circular polarizations with opposite senses of rotation causes similar or
morce severe losses. The wanted, or reference, polarization is referred to as the co-
polarizalion, while the polarization orthogonal to it is called cross-polarization. For
example, if right-hand circular polarization (RHCP) is the intended polarization of

an antenna, the cross-polarization is the left-hand circular polarization (LHCP).

A.2 Radiation Pattern Representation

The radiation pattern of an antenna describes the relative intensity of the field radi-
ated from a transmit antenna, or collected by a receive antenna, at different direc-

tions in space and at a constant distance from the antenna. It is typically represented
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using the spherical coordinate system. The radiation pattern, F(#.¢), at a point
p = (r,y,z) in space is a function of the direction (6,¢) of p with respect to the
antenna. The relationship between Cartesian and spherical coordinates is illustrated

in Figure A.1 and 1s given hy:

T = rsinfcos ro= art+yr+z?

y = rsinfsino 0 = tan ! \Ja?+y?/z (A.2)

z = T1cCosh ¢ = tan ly/x
The far-field radiation pattern is the pattern measured at large distances from the
antenna, as opposed to the near-field radiation pattern. The far-ficld distance, ry;,.
which is the transition between the near and far ficlds of an antenna, is given by:
o 2D?
Tmin — T

where D is the largest dimension of that antenna.

(A.3)

The radiation pattern may be represented graphically in a variety of ways. To
illustrate such representation, consider the isotropic antenna. It is a hypothetical
antenna (hat radiates, or receives, equally in all directions in space. In other words,

its radiation pattern is given by:
F(0,0) =1, for € (0,7) and ¢ € (0.27). (A4)

Possible graphical representations include three-dimensional spherical plots, and two

dimensional polar and rectangular plots.  Either lincar or logarithmic (dB) scales

Figure A.1: Illustration of the relationship between the Cartesian coordinates, (x, y, 2)
and the spherical coordinates, (1,0, ¢).
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can be used for cach of the three types of plots. Figure A.2(a) shows a linear-scale
spherical plot of F(0. ¢), which is perfectly spherical. Figure A.2(b) shows a dB-scale
polar plot of F versus 8 in the ¢ = 0° plane. This is also referred to as a pattern cul
in that plane. Finally, Figure A.2(c) shows a lincar-scale rectangular plot of F' versus

f in the ¢ = 0° plane.

A.3 Impedance, Impedance Matching, and Band-
width

A lossless antenna is a circuit element that may be characterized by a self-impedance
of the form:
Za=Ra+ 3Xa. (A.S)

The scll-impedance depends on the antenna shape and dimensions, as well as the
frequency of operation. The radiation resistance, g is the real part of the seli-
impedance, 1.e. Reg = Re[Z] = Ra. It is a hypothetical quantity that represents
the power radiated by the antenna. In other words, if a resistance 2,4 1s inserted in
place of the antenna, it would consume the same amount of power as that radiated

by the antenna. In practice. some of the total power fod to an antenna is dissipated

g
§
s
&
o v Ele\;;uon a‘ngle.‘;(deg‘}’ées) - "
(a) Spherical plot (h) Polar plot (¢) Rectangular plot

Figure A.2: Examples of the graphical representations of the radiation pattern of an
isotropic antenna: (a) spherical plot, (b) polar plot. and (¢) rectangular plot.
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through ohmic and leakage resistances, which represent losses in the antenna and the
diclectric materials, respectively [Carr, 1998].

For ellicient transler of encrgy from the voltage source to the antenna, the impedance
of the transmission line feeding the antenna must be matched to that of the antenna.
This is done by minimizing the voltage rellection coeflicient defined as:

o ZA - ZO

=2 = A6
Za+ Zy (A.6)

where Zj is the characteristic impedance of the transmission line (typically 50 ).
Impedance matching is, therefore, achieved when Z4 = Z.

Impedance mismateh mixes the reflected wave with the incident wave and a stand-
ing wave is formed. The voltage standing wave ratio (VSWR) is defined as the ratio
ol the maximummn to the minimum standing wave voltage, i.e.,

1/mn:\' _ 1+ ’F|

VSWR = = )
‘/min I - |F’

(A.7)

The bandwidth of an antenna refers to the range of frequencies over which the
antenna can operate correctly. This may be taken as the range where the VSWR
exhibited by the antenna is less than 2. Alternatively, it may be defined by the

frequency limits at which the antenna gain is reduced to hall power [Mailloux, 1994].

A.4 Directivity and Gain

The antenna design goal is to find an arrangement of sources such that the radiation
pattern £'(0, ¢) is enhanced in certain directions while it is suppressed in all other
directions [Elliott, 2003]. This is measured by the Directivity. Directivity in a certain
dircction (0, ¢) is the ratio of the radiated power density in that direction to the
average radiated power density over all possible directions, i.c.,
F(0. )

! oh [UW | (0, )| sin 9’(19’(1(/)’.

A .

D(0.¢) = (A.8)

The term directivity is typically used to refer to peak directivity. Peak directivity is

defined in a single direction (6, ¢o) which corresponds to the dircction of maximum
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radiated power. Thercfore,
Dby, po) = 11;21.}(([)(9, P)). (A.9)

By definition, the power lost in the antenua itself is not included in the directivity.
Instead, it is included in the gain, G, given by [Elliott, 2003]:

D(®. ¢)

= A0
K (A.10)

G(0,¢) =

where £ is a real constant greater than unity that is specific to the antenna material.

Thus, gain is always 10log,, K, dB less than dircctivity.

A.5 Antenna Arrays

An antenna array is composed of multiple antenna elements. Antenna arrays provide a
versatile alternative to fixed-aperture antennas, such as reflectors, since their radiation
pattern can be casily shaped by manipulating the element excitation. Pattern shaping
refers to controlling features of the radiation pattern such as main beamn width, main
beam direction, sidelobe level, or number of pattern nulls, In antenna arrays, this is
accomplished by varying: (a) the relative ammplitude and/or phase of the excitation
of cach clement in the array, (b) the number of antenna clements, and/or (¢) the
inter-clement spacing.

When all elements of the antenna array are identical, the far-field radiation pattern
of the array, I7(0, ¢), is given by the product of the isotropic array factor, Fa(, ),

and the individual clement pattern, Fg(6, @), i.e.,
F(6.8) = Fa(0, 6)Fr(68.6). (A1)

The isotropic array factor (or simply the array factor) is the radiation pattern of
an array of isotropic clements. It is simply the discrete Fourier transform of the
array excitation. Therefore, it is a function of the relative excitation and relative
clement position. On the other hand, the element pattern is a function of its current

distribution which is in turn a function of its shape and dimensions.
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A.5.1 Linear Antenna Arrays

A lincar antenna array is an array where all clements lie along a straight line, called
the array aris. Without loss of generality, the array axis may be aligned with the
z-axis. Figure A.3 depicts the array axis and the layvout of antenna clements in a
lincar array composed of 4 elements. Antenna elements, shown as filled circles, are
uniformly-spaced by a distance d. The isotropic array factor of a uniformly-spaced

N-element lnear antenna array is given by [Rulf and Robertshaw, 1987]:

Fa(0) = Z e n=0,1,....(N—=1), (A12)

3

n
where b = 27” d is the element spacing, and a,, is the relative excitation, or weighl, of
the nth element. [t is obvious that £)4 is not a function of ¢. Equation A.12 can be

rewritten i terms of the angular variable « = cos 8, i.c.

Fa(u)y = a,e™™ =01 (N-1). (A.13)

n
Figures A.4(a) and A.4(b) show rectangular plots of the array factor in dB scale,
e, 20log,, [Fa(.)], versus 6 and u, respectively, for different values of N and an
clement spacing of % The array factor has a single global maximum at broadside,
which is the direction perpendicular to the array axis, i.e. € = 90°. The part of the

radiation pattern between the two nulls around this maximum is referred to as the

Figure A.3: The layout of clements in a uniform lincar antenna arrays with N = 4.
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Figure A.4: Rectangular plots (dB scale) of the isotropic array factors of linear an-
tenna arrays with V= 2,3, 4,8 clements and d = 3.

main beamn. The other maxima of Fix(.) are called side lobes. Note how the nulls of
Fa(u) are equally spaced in the u-parameter space.

Figure A.5(a) shows a linear-scale polar plot of the array factor of a lincar array
with 8 clements and an clement spacing of % The figure shows the main beam which
is perpendicular to the antenna array axis (the z axis), as well as the side lobes. Since
F4(0) is independent of ¢, then the spherical plot is simply obtained by rotating the
array factor about the z-axis. The spherical plot is shown in Figure A.5(b).

1t is worth noting that some authors, e.g. [Mailloux. 1994], orient the array axis
such that it is perpendicular to the z-axis. However, aligning the array axis with
the z-axis, c.g. [Rulf and Robertshaw, 1987]. simplifics the visualization of the array
factor, as shown in Figure A.5. It also allows utilizing the ¢-independence of the array

[actor when computing quantities such as the directivity, as will be shown below.

Beam Scanning

The main beam of the array factor can be poimnted m directions other than broadside
(6 =90°), by adding a lincarly increasing, or progressive, phase shift to the excitation
of the individual array clements. This operation is referred (o as scanning and the

resulting main beam is called a scanned beam.  More specifically, it is said that
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(a) Polar plot (b) Spherical plot

Figure A.5: Lincar-scale polar and spherical plots of the isotropic array factor of a
lincar antenna array with N = 8 and d = 2. The spherical plot is obtained by rotating
the polar plot about the z-axis.

the beam is clectronically scanned, since the beam is scanned by simply changing
the eleinent excitation, as opposed to mechanically changing the clement position or
orientation.

To scan the main beam to a direction g, a phase shift of nkd cos 8y is applied to

clement n, wheren =0,1,..., N — 1. Therclore, Equations A.12 and A.13 become:

El (0) — Za“(,’Jnk([(cos0——('()5{)U)7 0 <n< N — 17
" | (A.14)
“(u) = Y a,emkde ), D<n< N1,

where ug = cosfy. 1t 1s evident {rom Equation A.14 that the global maxinuumn of
Fa(.) occurs when 8 = 6y, or cquivalently u = 1. Therefore, the direction of the
main beam becomes 8 = 8y, as opposed to 8 = 90°. When 8, is set along the array
axis, i.c. 0° or 180°, the array is said to be scanned to endfire.

Figure A.6 (top) shows linear-scale polar plots of the array factor of a 16-clement
array with an clement spacing of Al at broadside (65 = 90°). a scan angle of 6, = 60°,
and endfire (6, = 0°), respectively. At a scan angle of ¢ = 60°, the main beam is
at a 60° angle {from the array axis, whereas at endfire, the main beam coincides with
the array axis. Also, as the beam 1s scanned away {rom broadside, some of the side
lobes between the main beam and the array axis disappear (from the visible space,
0 < 6 < 7), while side lobes on the other side of the main beam start to appear. The

spherical plots, Figure A.6 (bottom), are obtained by rotating the polar plots about
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(a) Broadside (h) Scanned (¢) Endfire

Figure A.G: Linecar-scale polar plots (top) and spherical plots (bottomn) of the array
factor of a lincar antenna array with N = 16 and d = % at (a) broadside (6y = 90°),
(b) a scan angle 8, = 60°, and (c¢) endfire (6y = 0°).

the z axis. The main beams at broadside and endfire are typically termed fan beamn
and pencil beam, respectively, which can be seen from the figure.

Figure A.7 shows rectangular plots of the array factors, corresponding to Figure
A6, iIn dB-scale versus 6 and w. The figure shows how some side lobes disappear
while others appear, as a result of scanning. Moreover, it shows that beam scanning

is equivalent to a linear shift of Fy(u) in the u-parameter space.

Grating Lobes

All of the array factors presented so far exhitbited a single main beam. The main beam
is formed wlien the contribution {rom cach antenna clemnent in the array is maximuin.

Ising Equation A.14, maxima of the array factor occur when the argument of the
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Figure A.7: Rectangular plot of the array factor of a 16-clement lincar antenna array

with d = Ax at different scan angles.

exponential terny eZkdcos0-cosbo) jg o multiple of 27, i.e.

pInkd(cos 0 cosfo) 1 0<ng<N-1
kd(cos — cosby) = 2mp, p=0%+1,£2....
Zd(cos ) — cosbty) = 2mp, (A.15)
cost) —cos by = p%,
cosf = cosby + p(—’).

The main beam is thus foried in the direction 8 that satisfics Iigquation A.15 when
p = 0. Additional main beans, called grating lobes, will be formed in other directions
A when p # 0, provided that they are in the visible space, 0° < 6 < 180°.

Grating lobes, therefore, may be formed as the beam is scanned away {rom broad-
side and/or the element spacing is increased. For example, consider an 8-element
lincar antenna array; when the main beam is at broadside (6, = 90°), two grating
lobes (GL) will appear at § = 0° and 6 = 180°, when the clements are spaced by
d = X. This can be seen from Figure A.8(a), which depicts the array factor, £4(6).
Alternatively, using a smaller spacing of d = 3X/4, a single grating lobe will form at
f = 146.4° when the beant is scanned 30° away from broadside (65 = 60°), as shown

in Figure A.3(h).
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Figure A.8: The formation of grating lobes in an 8-element lincar array f{actor (a
[=3 O O f
by increasing the clement spacing, and (b) by scanning the main beam away {rom
broadside. MB and GL denote niain beam and grating lobe, respectively.
l=) o s .

Directivity

The directivity of the array factor of a linear antenna array can be computed using
Equation A.8&, by substituting F,(6,¢) for F(0,¢). The dircctivity in a direction
(6, do) 1s thus given by:

d7| Fa (6o, @())|2
jnm /()T |EA (6. @)|? sin 0dBdp

D(H(),Q)()) - (Al())

However, since the array factor of a linear antenna array is independent of ¢, Equation

A.16 reduces to: . )
2[Fa(00)]°

Jo [Fa(0)]? sin6df’

Figure A.9(a) shows how the array factor directivity (dB scale) varies with the

(A.17)

D(0y) =

normalized element spacing, d/\, at different values of the number of array clements,
N. The maiu beam is not scanned, i.e. #y = 90°, and the directivity is computed
in the broadside direction. The [ignre indicates that at a constant N, directivity
increases as d increases, then it drops abruptly due to the appearance of the first
grating lobe. Also, the clement spacing at which the maximum directivity occurs,
increases as N increases. For example, for a 2-element array, maximumn directivity

occurs al d/A &= 0.72, while it occurs at. d/A = 0.9 in an 8-clement array.
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Figure A.9: Directivity of the lincar array factor vs. the normalized element spacing
(d/A) for different values of (a) the number of elements of broadside arrays, and (b)
the scan angle for a 2-clement array.

Figure A.9(b) shows the effect of scanning on directivity. In this figure, N is set to
2, and dircctivity 1s computed in the scan direction, 8y, and plotted in linear scale. It
is obvious that directivity changes as the main beam is scanned. However, directivity
is constant and equal to NV at element spacings that are multiples of %, regardless of
the scan angle. Morcover, the element spacing at which maximum directivity occurs
decreases as the main beam is scanned away from broadside. For example, maxinmuin
directivity occurs at d/A = 0.72 when the beam is at broadside, whereas it occurs at,

d/A =~ 0.37 when the beam is scanned to endfire.

Beamwidth

The beamwidth of a lincar antenna array is the distance between the half-power points
of its far-ficld pattern. For a broadside array of isotropic elements, the half-power point
occurs in a direction fsqp where the magnitude of the array factor, [Fu(0sai)l, is 3 dB
lower than its value at broadside, [F4(90°)]. For example, using Figure A.4(a), the
beamwidths are approximately 60°, 35°, 25°, and 15°, for the 2-, 3-, 4-, and 8-clemcnt

arrays, respectively.
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Array Bandwidth

The clement bandwidth, defined in Section A.3, can limit the array bandwidth. How-
ever, the eflect of using phase shifters to scan the beam, instead of time-delay devices,
on the array bandwidth can be more substantial. In practice, when phase shifters
are used, the beam is scanned to the desired angle only at the center frequency, fy.
Otherwise, the beam peak angle is reduced for {requencies above f; and increased
for frequencies below it. The array bandwidth becomes smaller as the scan angle is

increased or the array size is increased [Mailloux, 1994].,

A.5.2 Planar Antenna Arrays

A planar antenna array is an array where all elenmients lie in a plane. Without loss
of generality, the this plane may be assimed to be the zy-plane. Figure A 10 depicts
the layout of antenna elements in a planar array composed of N, = 4 clements in the
x direction and N, = 5 in the y direction. Array clements are uniformly-spaced by
d, and d, are the spacings along the x and y axes, respectively, The isotropic array
factor of a planar antenna array is obtained by extending the array factor of the lincar
antenna array, given in Equation A.12, to two dimensions. Thercfore, it is given by

[Rulf and Robertshaw, 1987]:

AY Jk(mdy sin0cos ¢ ndy sin 0 sin ¢
Fa(0.¢) = :2 U "), (A.18)
m n

Figure A.10: The layout of elements in a planar antenna array. The number of
clements along the @ and y directions are N, = 4 and N, = 5, respectively.
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wherem =0.1...., (N, — 1), n=0,1,..., (N, — 1), and a,,,, is the relative excitation

4 '

of the element at row m and cohunn 7 in the array. Equation A.18 can be rewritten

i terms of the angular variables u = sinf cos ¢ and v = sin @ sin ¢. Therefore:
}‘1/1(/(1., ’l/‘) — § : E a‘”m(‘\]k(mr[ﬂx i ml_,/v)' (A 19)
m i

Figure A.11(a) shows a linear-scale spherical plot of the isotropic array factor, Fa4(6, ¢),
of the planar array illustrated in Figure A.10, with d, = d, = A\/2, versus 6 and ¢.
Figure A.11(b) shows a surface plot of Fa(u, v) versus w and v.

The main beam of a planar array can be scanned to a direction (0. ¢y), by adding
a phase shift of (mkd, sin g cos ¢y + nkd, sin by sin ¢y) to the element at row m and
column 7 in the array. The array factor is, therefore, expressed as:

lnA (9 ({4)) — Zzavm”(f]k(nu[l (sin 0 cox d —sin Oy cos gg) | ndy (sin0sin ¢ sinfg sin :;/7(;)) :

e

(A.20)
E4(?L, 'l/') — Zzanm(ijk('m,rlf(u——uu) [ reedy (v 1:()))7

meon
where ug = sinfycos ¢y and vy = sinfysingy. Figures A.12(a) and A.12(b) show
lincar-scale spherical and surface plots of F4 when the planar array illustrated in

Figure A.10 is scanned to (fy, ¢g) = (10°,30°). Other concepts introduced in Section

(a) Spherical plot (b) Surface plot

Figure A.11: Lincar-scale spherical and surface plots of the isotropic array factor of
a broadside planar antenna array with V, =4, N, =5, and d, = d, = %
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(a) Spherical plot (h) Surface plot

Figure A.12: Lincar-scale spherical and surface plots of the isotropic array factor of
a planar antenna array with N, =4, N, =5, and d, = d, = %, which is scanned to

(9(), (;J)()) - (1()’J 3[)O>

A.5.1 for linear arrays, such as directivity, can be extended to planar arrays in a

similar manner.

A.5.3 Scanning Limitations

Since beam scanning is such an integral part of this work, it is worthwhile to simn-
marize the effects and limitations of scanning. As the main beam is scanned away
from bhroadside, the array beamwidth is increased and grating lobes may begin to
form, which results in decreasing the array directivity and gain. Scanning may also
decrease the array bandwidth.

Additionally, the impact of mutual coupling increases as a result of scanning.
Therclore, although impedance matching may be achieved at broadside, scanning
will result in impedance mismateh., This reduces the antenna efficiency, as shown in
Section A.3. The effects of scauning may be so severe, 1o the extent of causing array
blindness. Array blindness results from the increased impact of mutual coupling and
may cause complete cancellation of the array beam at certain scan angles [Mailloux,

1994].



Appendix B
Numerical Solution Methods

This appendix presents the munerical sohition methods used in Scection 2.3 (o compute

the face clevation of pyramidal and pyramidal frustuim antenna.

The Equalization-based Approach
The face elevation of the pyramidal frustum is computed using the equalization-based
approach by numerically solving the system of noun-lincar design equations in (2.12)

using Maple™ as follows:

solution := fsolve({eql, eq2}, {psi_f, theta.b},
{psi_f=0..theta_2, theta_b=theta_l..theta 2});

where eql and eq2 represent the two equations in (2.12).

The Minimax-based Approach

The face clevation of the pyramid is computed using the minimax-based approach

using the fmininmax function in MATLAB™as follows:

options = optimset(’MinAbsMax’, 2);
[x, fvall = fminimax(@find.max_scan,[01,[1,[1,[1,[]1, (0],
[901, [1,options);

gamma p = max(fval); psip = x;
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where find max_scan is a custom function that returns a 2-element vector containing
Y and 7, given by (2.5). in degrees.

One of the pitfalls of fminimax is that the {unction to be minimized must be
continuous. This is not the case for the pyramidal frustum because 7y, in (2.6) is
actually computed as:

6, il o, >0,
THh = .
0  otherwise.

Therefore, custom C code was writien to perform a two-dimensional linear scarch in
¢y and Gy, to find the global minimum of v as defined by (2.16). The psendo-code of

the method used 1s listed below.

increment = 0.05 # radians
Vfope = 10000
0‘1 = (_)1

while 8, < 6,
vy =10
while vy < %
if 6, < 0. then v =0
else Compute ~y, using (2.6)
end
Compute 7y, and vy, using (2.8)
Vo= min(ys, v, V)
if 45 < Yoo then

/-\//fnpt = A:(f
U"fum = U)f
Hhu))l = (_)b

end
ty =y + increment
end
0, = 0y + increment
end

i ameters: ~ i
Output the optimal parameters: vy, g, O,




Appendix C

Dimensions of Multi-Faceted

Antenna Arrays

This appendix describes how the dimensions of pyramidal and pyramidal {rustum
antenna arravs arc computed, given that their bases fit inside a circular footprint
ol constant radius, R. These dimensions are valid only for connected, rather than

non-connected, planar facets are connected, as explained in Section 1.1.1.

C.1 Pyramid Dimensions

Figure C.1(a) illustrates the geometry of a 5-face pyramidal antenna array used here
as an example to show how the pyramid dimensions are determined. Each side face
subtends an azimuthal angle. ¢, given by:

2
N

(/'/)s =

(C.1)

Since all side faces of the pyramids are identical, only the first face needs to be
considered, as shown in Figure C.1(b), and the lootprint of radius RR=|[ops||. The

apothem of the pyramid base, a, shown in Figure C.1(c) is given by:

=

Os (C.2)

a = |[opi|| = Rcos 5

124
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z A z
\

A

V, - - —

-
y
X o, 7 0J2
(a) A 5-face pyramid (b) The first face of the pyramid

(c) Pyramid face clevation (d) The circular array supported by the face
Figure C.1: The geometry of a 5-face pyramidal array.

Llach face supports a circular antenna array of radius r, as shown in Figure C.1(d),
and the pyrarmid may or may not be truncated just above the arrays. The width and

height of the side face, w, and hy, are given by:

ws = |[ppsll = 2|[ppi]| = 2R sin %, ..
_ a Rcos &= (C'3)
he = lippill = 5% = <ove

The arcas of the whole pyramid face, 1.c., the triangle Apypaps 1s thus given by:
) 5 o 2 o B

1 R?sin ¢, ,
Apx = —why = ——2, C.4
A 21“‘ t 2costy, (C.4)

and the radius, 7, of the circular array (the circle inscribed inside Apypapy) is given

by:

A, 1 T R
r = A’ S5 = 5 < 4hf -+ 'Il}f —+ /IUS> s (Cj:))

S

where s is the semiperinmeter of the triangle Apypapy [Weisstein, 2003].



APPENDIX C. DIMENSIONS OF MULTI-FACETIED ANTENNA ARRAYS 126

The area of the cireular array is thus given by:
A=qr?. (C.6)

When the array antenna is scanned by an angle v, away from its broadside direction,

My, . the minimum projected arca of the circular array in (C.4) is given by:
Apmin = Acos Yp- (C.Y)

Finally, the total pyramid height, H, and the truncated pyramid height, H;, shown

in Figure C.1(¢) are given by:

H = hysinyy,
) o (C.8)

H, = 2rsiny,.

C.2 Pyramidal Frustum Dimensions

Figure C.2(a) illustrates the geometry of a 6-face pyramidal frustum antenna array.
Lach side face of the frustum subtends an azimuthal angle, ¢, given by:
6. = 27
TN

Owing to symunetry, only the first side face and part of the top face need to be

(C.9)

considered, as shown in Figure C.2(h).
Similar to the pyramid, the footprint radius is R=|[op][, and the width and height
of the triangle Apypops containing the side of the frustum (the isosceles trapezoid

PapaPePs) are given by:

wy = |[paps]| = 2|[Papal| = 2R sin &, ‘
J— H(‘os“—;i (Cl())
he o= P = ek

It is assumied that identical circular arrays are used on the top and side faces of
the frustum. In general, for a given array racius, r, it can either be inscribed in the
top face only (Figure C.3(a)), or in the side face only (Figure C.3(b)). The radius of
the circle inscribed in the top face, which is an (N-1)-sided regular polygon is given

by:
w o .
ry = — cot ox (C.11)
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X (1) N y

S

(a) A 6-face frustum (1) First and top faces of the frustum  (¢) Frustum face clevation

(d) Side face () Top face

Figure C.2: The geometry ol a 6-face pyramidal frustum array.

where wy is the side fength of the top face as shown in Figure C.2(¢).

For the side face, it is only possible to iuscribe a circle iside an isosceles trapezoid
if, and only if, h = Jw,w,. in which case, the circle radius is cqual to h/2. If
h > Jwswy, the largest circle that fits inside the trapezoid touches only Daps, p2ps,
and pzpg. On the other hand, if A < /w,wy, the largest circle that fits inside the
trapezoid touches only paps and p3pg. Therefore, the radius, 7, of the largest circle

that fits inside the side face is given by:

re = min(ry,ry,),
L.
Te = 4 —L h > Jwgw,, (C.12)
> %(\/r‘—lhf | u'fﬁ u's> ’

Iy, = ’—2' h < Jway,

where A is the area of the triangle Apypopy and s is its scmiperimeter.
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X y X y

{a) Circle inscribed in top face only (b) Circle inscribed in side face only

Figure C.3: Inscribing circular arrays on the top and side faces of pyramidal {rusta.

By cquating (C.11) and (C.12), two possible values arc obtained for wy:

hattg tan 5

.(1/'{1 = _—i_ T =T,
we+hstan S S1 o
2hsurs tan é)l . . (C/ 13)
ll,?t,z = = ry — 73’27

e+ 2
and w, is set to min(wy,, wy, ). The array radius, r, and the trapezoid height, A =

|IPap7|l, are then computed using:

r = %tcot e, .
o 927' 2 (C.14)

I wy=min(wy, , wy, )=w,,, then w, is adjusted by setting it to h? /w,, which is the case
1y Wio 2 . 13 )
shown in Figure C.3(b). Finally, the height of the pyramidal frustum, H, shown in

Figure C.2(c¢) is computed using:

H = hsinvyy. (C.15)

C.3 The Maximum Scan Angle at a Finite Dis-

tance to the Antenna

C.3.1 Pyramidal Arrays

The derivation in Scction 2.3 assumed that the distance from the target to the antenna

is sufliciently large. For a pyramidal array, this case is illustrated in Figure C.4(a).
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{(a) Infinite hemisphere radius (b) Finite hemisphere radins

Figure C.4: Computing the maximum scan angle at (a) infinite, and (b) finite dis-
tances from the target to the antenna.

where the anteuna dimensions are neglected. The unit vectors 1, 01, and @, are thus
given by (2.3) and the maxiimun scan angle is computed using (2.5).

When finite distances are considered, as discussed in Section 2.4, the antenna
dimensions cannot be neglected. This case is illustrated in Figure C.4(h). In this
case, the masximum scan angle occurs when the beam is scanned from the center of
the array, ¢, along the broadside direction, n,,, to either of the points py or pa2. The

unit vector 7, is still given by (2.3) and the points ¢, py, and pg are given by:

c = [la—rcosyy)cosd, /2 (a—rcosiy)sing,/2 rsin u'/'/JT
P11 = d x [Hil'l 01 0 (7()S9]]T s (C]())
p2 = dx[sinfy 0 cosfy]”

where ¢y, a, and r are given by (C.1), (C.2), and (C.5), respectively. d is the hemi-
sphere radins, i.e., the distance from the target to the origin. Therefore, the maxinnuun
scan angle occurs when scauning the beam from ny,, to the directions uy and ug given

by:

The individual scan angles, v, and ~,, arc computed using:
m 12 23]

ui

" ]|

L
Yp, = COS N

(C.18)
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Finally, the maximum scan angle, 7, is computed using:

Yp = AX Yy, (C.19)

i=12

C.3.2 Pyramidal Frustum Arrays

The maximun scan angle at a finite distance to the pyramidal frustum can be com-
puted in a similar manner. For the top face, the angle g, i1s computed using:

u,

) 1. .
T OSSN (CQ())
([ur]
where
uq = Pb — Cy1,
ci = 100 H", (C.21)
pb = dx|[sinf, 0 cosf),,]ll',

and H is giveu by (C.15).

For the side face, the angles vy, and vy, are computed using:

A~ e Lo u;
Vr, = COs g, )
sz T (C.22)
Vi T COST Uik gty
where
Uz = Pob— C2;
ug = — Ca.
3 P2 2: | o . - (C.23)
c2 = [(a—rcosyy)cosds/2 (a—rcosiip)sing,/2 rsiniy]
p2 = dx[sinfy 0O (:os()g]yl.

¥

&y, 1, and Ny, are given by (C.9), (C.14). and (2.7), respectively. The overall maxinmumn

scan angle, vy, is computed using:

~p o= 1nax yr. C.24
'f ,:1(.2,3 . ( )
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