Analysis of Infinite Arrays of Arbitrarily Shaped
Planar Radiating Elements Using a Floquet
Mode Based Method of Moments Approach

by

James William LaPean, Jr.

Dissertation submitted to the Faculty of the Virginia Polytechnic Institute and State
University in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in
Electrical Engineering

APPROVED:

AA}WXW Wil A+ By

Dr. Warren L. Stutzman, Co-advisor Dr. William A. Davis, Co-advisor

T ki 4%17/”1"5% |

Dr. Tim Pratt Dr. Ahmad Safaai-Jazi

Al

> —
d{/i,ee W. Johnson

April 29, 1996
Blacksburg, Virginia

Keywords: Antennas, Arrays, Scanning, Radar, Communications



LD
S5a5
VRSS!

{9 Yo
L7 1}

S

Co'“;'l



ANALYSIS OF INFINITE ARRAYS OF ARBITRARILY SHAPED
PLANAR RADIATING ELEMENTS USING A FLOQUET
MODE BASED METHOD OF MOMENTS APPROACH
by

James William LaPean, Jr.

Dr. Warren L. Stutzman, Co-advisor
Dr. William A. Davis, Co-advisor

Bradley Department of Electrical Engineering

Large phased array antennas are theoretically capable of delivering the directive
gain of similarly sized aperture antennas while offering electronic beam scanning
capabilities and greater operational flexibility. Unfortunately, the high cost associated with
large phased antenna arrays has limited their use to highly specialized applications where
no other antenna system configuration is possible. The recent development of less
expensive microwave active devices has led to a renewed interest in large phased antenna
arrays. These devices allow the amplification and signal processing required in phased
antenna arrays to be distributed among many identical modules which combine the
amplification, feed network, and radiating element sections of traditional antenna arrays.
These modules can then be produced at a lower unit cost and result in an antenna system
which is more easily integrated and repaired.

The practicality of large phased antenna arrays is still limited by the great difficulty
experienced in predicting their performance. Mutual coupling effects between the
radiating elements produce significant variations from ideal array theory. The prediction
and reduction of these effects requires a characterization approach which is computational
rather than experimental. This document presents a new approach which allows the

characterization of arbitrarily shaped planar radiating elements printed on a dielectric



support slab backed by a perfect electric conductor ground plane. This analysis approach
uses a Method of Moments technique to determine the electric current distribution over a
set of bi-triangular sub-domain elements describing a single radiating element. The effects
of mutual coupling in the fully active infinite antenna array are included in the analysis by a
Floquet mode based Green's function used in the Method of Moments analysis. This
characterization technique has been implemented in the computational electromagnetics
code ASIA (Analysis Software for Infinite Arrays). The analysis approach presented here
is validated by comparison with published input impedance data for two different radiating
elements. Finally, preliminary analysis results are shown for a more complex radiating

element.
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1. INTRODUCTION

Phased antenna arrays offer communications and remote sensing system designers
many potential advantages over aperture antennas of comparable size. Large phased
antenna arrays can perform electronic beam steering, aperture reconfiguration, and
sophisticated shared-use aperture operation while retaining the high gain commonly
associated with reflector antennas. Unfortunately, large phased antenna arrays have been
prohibitively expensive for most non-military applications until the recent development of
high performance/low cost microwave active devices for amplification, filtering, and phase
shifting. The development of these devices will lower the cost of large antenna arrays and
increased the realizability of the potential advantages antenna arrays by making distributed
amplification and signal processing much more practical. Antenna arrays designed using
distributed architecture can be constructed from a large number of identical, self-contained
modules which combine the duties of the final amplifier, feed network, and radiating
element in traditional antenna arrays. The cost reduction and increased flexibility of
operation realized from the use of mass produced array modules has the potential to
expand the range of practical applications for phased antenna arrays greatly. This exciting
development offers a great challenge to antenna engineering because the many possible
applications of large phase antenna arrays large instantaneous bandwidths and
electronically selected polarizations while state of the art phased antenna arrays are either

limited to a narrow frequency band or are designed to operate at a few spot frequencies.



1.1 Research Motivation

The Antenna Laboratory at Virginia Tech became aware of the increasing interest
in the design and operation of large phased antenna arrays during the winter of 1994.
Preliminary investigations of design of large phased antenna arrays subsequently led to
research contracts for the analysis and design of broadband, dual polarized radiating
elements for a multi-functional antenna array. The full antenna array was to be in the 1000
element class and provide arbitrary, orthogonal, dual-linear polarization over the X- and
Ku-bands. Discussions with the sponsor determined that a printed radiating element
design was highly desirable because printed radiating elements can be made to be highly
rugged as well as the advantages discussed above. A study of possible radiating elements
for this array found that no existing radiating element could provide the necessary

performance.

While an empirical approach to the design of radiating elements is possible, the
demanding performance requirements for this antenna made this option infeasible. The
complex nature of the resulting antenna array makes the construction of large segments of
the array for test purposes extremely difficult. Also, determining the performance of the
full antenna array from a small segment of the antenna array is generally not practical.
Clearly, the design of this radiating element required the use of an analysis tool which
would eliminate the need to construct test articles at step in the design process. While
simple ideal antenna array theory is commonly used in preliminary computations, it does
not predict the performance of radiating elements in large phased antenna arrays. The
presence of mutual coupling between the elements in these arrays causes the radiating
element performance to vary significantly from the performance of the radiating element in

isolation. Furthermore, the effects of mutual coupling may be extremely fast varying as a



function of beam scanning angle and can produce blind spots into which the array cannot

be beam scanned.

These difficulties demanded that a computational electromagnetics (CEM) analysis
tool which could characterize the performance of an arbitrarily shaped, planar printed
radiating element in the fully active antenna array environment was needed. Commonly
available CEM analysis packages, such as NEC and ESP, are not capable of analyzing
printed radiating elements in the array environment because the dielectric substrate is not
adequately modeled and hardware limitations on the number of electric current unknowns
limit the analysis to small segments of the array. Layered media CEM tools, such as
SONNET and IE3D, model the dielectric substrate well but are still limited by the number
of unknowns available. Fortunately, an approach to the analysis of periodic structures can
be formulated using Floquet's theorem [1] to evaluate a single cell of the periodicity rather
than the entire structure. Essentially, Floquet's theorem is used to expand the electric
current, voltage, and electromagnetic fields in the periodic cell to enforce a constant phase
taper across the cell. For antenna array analysis, this phase taper is equal to the phase
taper required for the desired beam scanning as determined from ideal array theory. This
approach to the analysis of periodic structures requires that the structure be of infinite
extent. Research and measurement experience in the literature indicates that large antenna
arrays can be adequately modeled as infinite antenna arrays if the large antenna array

contains on the order of 100 elements or more [2, 3].

1.2 Organization of the Dissertation

This document describes an infinite antenna array based technique for the

characterization of complex planar radiating elements in large antenna arrays This analysis



approach uses a Method of Moments analysis to find the electric current distribution over
a set of perfect electric conductor bi-triangular sub-elements which describe the radiating
element. This choice of radiating element description allows the analysis of an arbitrarily
shaped, planar radiating element. The Green's function used in the Method of Moments
analysis is embedded in a Floquet series expansion of the electromagnetic fields in the
analysis cell. The Floquet series expansion automatically includes the mutual coupling
effects of the fully active, infinite antenna array in the characterization of the single
radiating element in the analysis cell including the active input impedance, input power,
and aperture efficiency of the arbitrary planar radiating element. The computational
electromagnetics code ASIA (Analysis Software for Infinite Arrays) has been developed in
the Antenna Laboratory at Virginia Polytechnic Institute and State University using this
technique. The ASIA code is unique because it has been designed to allow user-
specification of the analysis cell and radiating element geometry through input text files

rather than program recompilation.

Chapter 2 of this document presents background information which is necessary to
allow the development of the analysis approach and reviews approaches which are
currently used to analyze antenna arrays. The development of the new characterization
technique for radiating elements in fully active, infinite antenna arrays is presented in
Chapter 3. Chapter 4 presents computational results from the ASIA implementation of
the new analysis approach including a study of the convergence of the analysis algorithm
and validation test cases for the analysis algorithm. The computational results in Chapter
4 conclude with preliminary results for a more complex printed antenna being studied as a

possible wideband, dual-polarized radiating element for large phased antenna arrays.



2. ARRAY ANALYSIS BACKGROUND

An antenna array is a collection of several antennas arranged in space and excited
together to produce an electromagnetic field which usually cannot be produced by a single
antenna [4]. The individual antennas in this antenna array are commonly referred to as
radiating elements of the array and may be very simple or quite complex. While the
performance of the antenna array can easily be computed for the ideal case when these
radiating elements do not interact, the prediction of the behavior of a complete, realizable
antenna array is not at all trivial. As mentioned in Chapter 1, this ability to predict the
behavior is necessary to allow the construction of even moderate performance antenna
arrays. The alternate approach of building and testing many versions of the antenna array
would afford only a limited understanding of the electromagnetic effects which affect the
behavior and is not palatable due to cost considerations alone. This chapter begins with a
discussion of the basic antenna array concepts which are necessary to understand the
theory of the analysis approach developed in Chapter 3. The second portion of this
chapter presents an overview of existing techniques which allow the characterization of

large antenna arrays.

2.1 Basic Antenna Array Concepts

This section will present fundamental antenna array concepts which are required
for the theoretical development of Chapter 3. Section 2.1.1 presents a development of the
pattern of an antenna array and introduces the concept of pattern multiplication. Section
2.1.1 also develops the requirements for beam scanning in a linear antenna array with

uniform spacing. Section 2.1.2 discusses the undesirable effects on antenna array



performance which are present in non-ideal arrays. The presentation in Section 2.1.2
begins with mutual coupling between the radiating elements in antenna arrays and
introduces the concept of the active element pattern. Surface waves, a major source of
mutual coupling in antenna arrays printed on dielectric substrates, are also discussed in
Section 2.1.2. This discussion concludes with the introduction of the concept of infinite
array analysis in Section 2.1.3. The applicability of infinite array analysis to large antenna

arrays is also discussed in Section 2.1.3.

2.1.1 Principles of Ideal Arrays

The vector magnetic potential, A(7), of an arbitrarily shaped antenna array of N

arbitrary sources is given by
1 e koIt~ F’I
= / / / ZJ‘*‘ ™) =% 1)

where J,;_(7') is the electric current density distribution of the nt? radiating element in the
array and 7 is the vector from the origin to the observation point. The electric field of this

antenna array can be found from

— 1 — N _

E(F) = o V x H(F) - Z.Iel (7) V x V x A(F) ;Jeln(r) . (2.2)
Substituting (2.1) into (2.2) gives

50 = L (v [ [ [STu@ir e -3 7)) e

which simplifies to



E(F) = —v x V x / / / ZJez (F'):?rljflr_ﬂ| (2.4)

for the source-free region. By superposition, (2.4) can be rewritten as the sum of the

electric fields from each of the N radiating elements which gives

EF) = Z(ijVXVX / / / . 4;|Ji°ljl|dv'>. 2.5)

In the far-field of the array , this expression for the electric field may be simplified to

E(F) = 3 (Erxrx/// . () ei::rrlﬂ' '). (2.6)

where |F — 7| = |F|. For an antenna array of N arbitrary sources which are identical

except for electric current density amplitude, (2.5) may be written as

E(F) = Jw;ﬂlrlrl (r x 7 x / / / PG )e]ko”’du) (Z]ene]k"r ) 2.7)

where

Jet,(7') = Jet, Jar (') (2.8)

7, is the vector to a reference location on the nt® radiating element and the integral for the
vector magnetic potential of the radiating element normalized electric current distribution,
Ju ('), is performed with the reference location of the radiating element at the coordinate

system origin.

The unnormalized radiation pattern is given by

(r X T X ///]e,(r e’k"’#dv) (ZJeneﬂ“’r r")

which is the final two terms of (2.8) containing only the angular dependence of the

F(9,¢) = (2.9)




electromagnetic fields. The unnormalized radiation pattern can be factored as
F(0,¢) =EP(6,4)AF(0,9) (2.10)

where
EP(9,¢) = <?><’r‘x / / / 38,(F’)ef’°o?'f’du’>, (2.11a)
and
N .
AF(6,¢) = (ZJezne”‘o?*") . (2.11b)
n=1

The term EP(0, ¢) in (2.10) is the far-field pattern of an isolated element of the antenna
array. The AF (0, ¢), or array factor, term in (2.10) is the far-field pattern of the antenna
array geometry if the radiating elements are isotropic radiators. The far-field pattern of
the array is then the product of the patterns of the radiating element and the array
geometry. This ability of the far-field pattern of the antenna array to be factored in this
form allows the pattern to be calculated from the element pattern and the array factor by

pattern multiplication.

The requirement for beam scanning in ideal antenna arrays can be illustrated using
a simple linear array with equally spaced elements. Figure 2.1 shows the geometry of an
equally spaced linear array of identical arbitrary elements located along the z-axis. The
angular dependence of the array factor is

AF(0) = Jy e %509 4 J, e hoioosd 4 g ehoicosd | g, efko’cosd (2.12)

where J,;, through J,;, are the complex amplitudes of the electric current densities on the
radiating elements, the interelement spacing of the array is s, and the exponential phase

terms are referenced to the center of the array. The complex weight of the nt® element



direction to desired main beam peak

el

Figure 2.1. Linear array geometry showing the identical arbitrary array elements,
the interelement spacing of the array, s, and the angle of scan of
the array, 0,,.

can be rewritten as

Jeln = IJelnleja" (2.13)

where «, is the phase angle of the complex weight. Substituting (2.13) into (2.12) gives

AF(Q) = lJell |ej(01—ko“32—50050) + IJel2|ej(02—ko§cosa) +
IJel;; |ej(ag+ko%cosﬂ) + IJel4 lej(a4+ko%ﬁcose) '

(2.14)
To produce a main beam peak, total constructive interference, in the 6, direction

the arguments in the exponential terms must have the relationship

(al - ko%gcos&o> = (a2 - ko%coseo) +2mm =

. . (2.15)
(a3 + kaicosoa) +2mn = (04 + ko—z—cos()o) + 27p

where m, n, and p are real integers and are usually zero. It is now apparent that the phase

terms a; through a4 can be replaced by (n — 1)a because the interelement phase shift



must be uniform for total constructive interference when the antenna array is equally

spaced. Making this substitution and setting the 27 phase terms to zero gives

( - ko%fcosﬂo) = (a — k,,%cosﬁ,,) =

\ 20 (2.16)
(2a + koicosﬂo) = (3a + k,,—2—cost90)

which can be solved for interelement phase shift for a main beam scan direction of 4, of

a = — k,scosb,. (2.17)

Substituting this value for the phase shift between the elements of the antenna
array for a main beam peak in the 6, direction into (2.15) gives

AF(6) = | Jlle—jko%fcoso + J2|e~j(koscosﬂo+ko'—;cos0) "

|J3|e“j(2koscosao—ko§cos€) + | J4 |e‘j(3k0800500—k032—5c050) . (2.18)

If the contributions of all of the radiating elements of the antenna array are in phase for
any angle 0 other than the angle of the intended main beam, 6,, this angle is called the
grating lobe direction and the lobe of the antenna pattern in that direction is called a
grating lobe. For an equally spaced linear array with an interelement spacing of s, the

grating lobe is formed fully in the directions which satisfy

3
_ ko?‘gcosﬂgz = —k, (scos&,, + %cosﬁgl) +2mm (2.19)

or

Ao
6, = acos (cos@o + ms ) (2.20)

where 6y is in real space.

10



2.1.2 Non-ideal Arrays

The antenna array analysis approach used in the previous section assumed that the
performance of each of the radiating elements was unaffected by the presence of the other
radiating elements. This assumption allows the analysis of the behavior of the antenna
array to be based on the radiating element input impedance and far-field antenna pattern
for an isolated element. Excluding oddities such as radio astronomy antenna arrays of
parabolic reflector antennas, the performance of most practical antenna arrays is
significantly altered by the coupling of energy between the radiating elements. The
coupled energy can alter both the input impedance and the radiated field strength of the
radiating element in the antenna array. These effects are generally detrimental to the
proper operation of the antenna array and are of extreme significance in phased array
antennas because the coupling varies greatly with the relative phase between the radiating

elements.

The most significant two effects of the mutual coupling between the radiating
elements of the antenna array are the appearance of blind angles to which the main beam
of the antenna array cannot be scanned and large, rapid variations in the input impedance
of the radiating elements as a function of beam scanning angle. These effects are, in fact,
simply different expressions of the same problem. The first possible approach is that the
large variation in the active input impedance of the radiating elements of the antenna array
near the blind angle of the antenna array cause reflection of the incident power on the
elements rather than receiption or transmission. Alternately, the presence of a blind spot

prevents the antenna array from receiving or transmitting power in the blind direction.

The effect on array performance of the energy coupled between the radiating

elements can be observed by two characterization techniques. The calculation or

11



measurement of the mutual impedance matrix of the antenna array allows both the input
impedance and the radiation performance of the scanned array to be estimated fairly
accurately but requires up to N? measurement for an N element antenna array.
Alternately, the measurement of the active element pattern allows the radiation
performance of a large antenna array to be characterized with a single set of pattern
measurements but provides only limited information about the input impedance to be

expected.

The mutual coupling between the radiating elements of the antenna array can be
characterized as either a mutual impedance matrix or a scattering matrix [5]. The mutual

impedance matrix expresses the coupling dependence between the radiating elements as
V=2I (2.21)

where V is the voltage of the source feeding each radiating element of the array, Z is the
mutual impedance matrix, and I is the impressed current on each radiating element at the

feed point [4]. The mutual impedance matrix has the form

Zn Zi - Zin
Z = Z?I Z:” . Z?N (2.22)
Zn1 Zn2 - ZNN

where Z,,,, is the open circuit voltage at the terminals of the mt2 radiating element due to
p g g

a unit current on the nt? radiating element. This gives a relationship for Z,,,, of
g g p

Vi

Zmnz—

| (2.23)
In I;=0,1#n

The requirement of I; = 0, 7 # n in (2.23) results from the definition of the measurement
of the mutual impedance as the impedance between the m: and nt radiating elements in

isolation. This requirement can be achieved by open circuiting the remaining radiating

12



elements at the feed points during the measurement. This measurement may be performed
for only a pair of elements if the induced currents on the remaining elements are negligible
[S]. The possibility that the measurement of the mutual impedance between the mt2 and
nth radiating elements can be conducted in isolation can greatly simplify the determination
of the mutual impedance matrix in a regular array. The mutual coupling for each element
spacing and orientation need be measured only once rather than between each of the
radiating element pairs with that geometry. The scattering matrix of the antenna array is
similar to the mutual impedance matrix but is measured with the other elements terminated

in a characteristic impedance [5].

The performance of the antenna array can be estimated once the mutual impedance
or scattering matrix is computed from either measured or computational results. The
antenna array excitation to be used can be represented in the column vector of the
impressed source voltages and the impressed currents on the radiating elements calculated
from (2.21). The impressed currents can be used to find the input impedance of each

radiating element of the antenna array from

‘/inn (60’ ¢0)

Zinﬂ(em ¢0) = I (0 ¢ )

(2.24)

where V;,,_is the voltage impressed across the terminals of the radiating element and I, is
the impressed current on the radiating element found from (2.21). The computed
impressed currents can also be used as the current weights in the array factor to find the
far-field pattern of the antenna array. One of the major limitations on this type of
characterization of the antenna array is that it usually assumes that the current distribution

on the radiating element is unaffected by the mutual coupling effects.
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