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Preface

My research work on the subject of this book started in the mid-1970s while I was
studying at the Moscow Institute of Physics and Technology. I studied my area of
specialization at the Chair of Applied Electrodynamics, based at the Research In-
stitute of Radio Physics in Moscow, which became the Company “Radiophyzika”
after privatization in 1993. The first results based on the application of multiport
networks for reducing the number of phase shifters in array designed for limited
field of view were obtained in the process of performing my M.S. thesis supervised
by Dr. Yu. N. Seryakov.

The results on application of modulated corrugated structures for shaping the
sector flat-topped array element patterns were obtained in the frame of my Ph.D.
thesis under direct supervision by Dr. V. D. Korotkov and general supervision by Pro-
fessor G. G. Bubnov. As the director of the Research Institute of Radio Physics and
simultaneously the head of the chair, Professor Bubnov exerted huge influence on me
personally and on many other graduates of the chair and associates of the Institute.

Further results were obtained during my work as the associate of “Radio-
phyzika.” Some papers on them were published in coauthorship with my colleagues
S. A. Ganin, V. V. Denisenko, Yu. B. Dubrov, G. V. Dybtsyn, M. M. Ivanishin, A. E.
Kazaryan, V. D. Korotkov, A. V. Shishlov, and A. G. Shubov. Useful bibliographic
information used in the process of writing the book was received from Yu. B.
Korchemkin, V. V. Denisenko, and A. V. Shishlov. A definite contribution to the re-
search on the subject was made by my students L. L. Mukhamedov, A. S. Vyazigin,
R. M. Leijon, K. V. Nikitin, and A. A. Yaparova. I always got necessary help and
support from the administration of the company, in particular from V. V. Petrosov,
A. A. Tolkachev, B. A. Levitan, A. N. Sheludchenko, I. V. Poplavsky, V. I. Roovinsky,
and S. V. Ivanov. Assistance associated with using computer technologies could al-
ways be received from Yu. A. Bomstein. Great encouragement during work on the
book was given by M. A. Kovalyova.

Of great value for me in my work was discussion of its results at the chair semi-
nar headed by Dr. N. P. Malakshinov and Dr. V. N. Garmash, at the Joint Feld’s
seminar (at the Institute of Radio Engineering and Electronics, Moscow) headed by
Professor V. V. Shevchenko (previously, Professors B. Ye. Kinber and D. M. Sazonov
were the chairmen of the seminar), and at the seminar “Numerical Methods of
Electrodynamics” headed by Professors A. G. Sveshnikov and A. S. Ilyinsky at the
Moscow State University. My first review paper on arrays with flat-topped element
patterns was presented in 1993 at the 10th International School Seminar on Wave
Diffraction and Propagation by invitation from the program committee chairman,
Professor V. A. Borovikov.

My interaction with a number of foreign specialists has exerted great influence
on my work. First of all, I would like to mention Dr. R. J. Mailloux of Hanscom
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AFB, Massachusetts. First, the work of R. J. Mailloux on dual-mode horn arrays
gave me a good example in the beginning of my work for further development of
the subject. Second, a great honor for me has been the inclusion of some my results
in the second edition of his handbook (R. J. Mailloux, Phased Array Antenna
Handbook, Second Edition, Artech House, 2005) and his lectures (R. J. Mailloux,
Electronically Scanned Arrays, Morgan & Claypool, 2007). Third, due to his
invitation and support, I could present and discuss my results at three international
symposia on phased arrays held in the United States in 1996, 2000, and 2003, as
well as at meetings in his laboratory in Hanscom. During my trip of 1996, I also
made my presentations at two meetings organized by Dr. L. A. Coryell in Fort Mon-
mouth, New Jersey, and by Mr. R. E. Welch in San Diego, California.

Due to invitation and support from the program committee headed by Dr. L.
Josefsson, Ericsson Microwave Systems AB, Gothenburg, Sweden, I presented my
review paper at the Nordic Antenna Symposium of 1997 in Gothenburg, Sweden.
It was also very useful for me to discuss some my results at the meeting organized
by Dr. P. Ingvarson in Saab Ericsson Space AB.

The initial experimental results on the application of corrugated rods for shap-
ing flat-topped array element patterns were obtained due to support from Dr. L. E.
Corey of Georgia Tech, Atlanta, Georgia. Further development of this technology
was performed in cooperation with Dr. S. Y. Eom and his colleagues from the
Electronics and Telecommunications Research Institute, Taejeon, R. O. Korea.

Useful bibliographical information that I included in the overview of the net-
works designed for shaping flat-topped subarray patterns was received from Dr.
A. R. Lopez, GEC-Marconi Hazeltine, Greenlawn, New York. Dr. J. E Johansson
from Ericsson AB, Molndal, Sweden, provided me with copies of a few his papers
on multiple beam antennas, which were very useful for me when working on the
sections devoting to forming orthogonal beams by a planar aperture and to shaping
sector patterns by dense arrays.

Of great importance and value for me was also my long-term collaboration with
Professor P.-S. Kildal from Chalmers University of Technology, Gothenburg, Swe-
den, as well as with Dr. D. Smith from Northumbria University, Newcastle-upon-
Tyne, United Kingdom, in 2006-2007. Though that collaboration was not directly
related to the subject of the present book, participation in various conferences in its
framework allowed me to present my results on the arrays with flat-topped patterns
as well.

I am deeply grateful to all the persons listed here, as well as to many other
people I was pleased to interact with during many years of everyday work.



Introduction

Rapid development of the phased array antenna area started in the 1940s after the
first samples of antennas with electrical beam scanning appeared [1, 2]. As a result,
large stationary radars with phased arrays, such as “Dnepr,” “Daryal-U,” “Ne-
man,” “Voronezh-M,” “Don-2N,” “Dunay-3U,” “Volga” [3], “Argun” [4], and
“Ruza” [5], were created in Russia during the second half of the twentieth century.
Similar examples of the western radar stations are presented in [6-9], and some
mobile radars of both Russian and foreign production on the basis of multi-element
phased arrays are described in [8, 10].

Publications on scanning array antennas include a huge number of journal and
conference papers, chapters in many textbooks and handbooks on antennas, and
a few dozen books specially devoted to arrays [1, 6, 7, 11-43]. This list, having no
pretensions of completeness, covers both books of general interest [1, 6, 7, 11-24]
and books considering specialized issues. The latter include array synthesis [25-32]
(a chapter devoted to the structural synthesis is available in [17]), active arrays [33],
adaptive arrays [34-38], conformal arrays [39, 40], multifrequency integrated ar-
rays [41], radio-optical arrays [42], and measurement of array characteristics [43].
Analytical solutions of the waveguide array problems that are of great importance
both themselves and for validation of various numerical methods are given in [6,
44, 45]. Some results on statistical analysis of the array antennas are presented
in [46]. Hybrid scanning reflector antennas, where arrays are used as feeds, are
considered in [47].

The importance of the array antenna subject justifies permanent presence of
appropriate sessions at national and international symposia and conferences on
general antenna theory and technology, as well as organization of symposia and
conferences devoted exclusively to the phased array antennas. Three latest such
symposia were held in the United States in 1996, 2000, and 2003. Information on
the earlier array conferences is available in [21].

In the process of developing one- and two-dimensional linear and planar phased
array antennas, the array element spacing is conventionally determined from the
well-known condition guaranteeing the absence of the array factor grating lobes
in the visible space, while the main lobe scans over a specified region. Such an ap-
proach is fully justified if the main lobe is required to deflect to large angles from
the broadside direction (i.e., at wide-angle scanning). However, there exist several
important applications where providing high array gain is required only in a rela-
tively narrow angle sector in one plane or in both main planes. Such arrays, also
called arrays with limited field of view or just limited-scan arrays, are required and
used in

Aerodrome radar stations (like AN/TPN-19 [7]) for air traffic control and
instrumental landing of airplanes;
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Radars for getting images of vessels on a waterway [48];

Automotive radars designed for preventing collisions and other road inci-
dents [49, 50];

Shipboard fire-control radars [1];

Counterbattery radars like COBRA [51] designed for detecting hostile artil-
lery positions by tracing projectile trajectories;

Systems of satellite communications [52, 53], in particular, for communica-
tion with satellites arranged on the geostationary orbit, from which the Earth
is observed in the angular sector of £9°;

Earth communications stations for tracking movement of satellites located
on the geosynchronous orbit whose plane is deflected out of the equatorial
plane at a small angle.

Beside these applications, fast electrical beam scanning in a narrow sector can
also be combined with wide-angle mechanical rotation of the whole array, as it has
been realized in the radar stations “Argun” [4] and “Ruza” [5], which are used for
tracking objects in the near-Earth space.

Application of the conventional approach to selection of the element spacing
in the limited-scan arrays would result in strong redundancy of the control devices,
like phase shifters in passive arrays or transmit-receive (T/R) modules in active
arrays [54], in comparison with the theoretical minimum of the element number
equal to the number of orthogonal beams of specified gain filling in a specified
sector of scan [55]. For instance, as it follows from relation (8-55) in [56] (see also
Table 1 in [57]), the element number in an array designed for scanning in a conical
region with flare angle of 20° using the conventional approach would exceed the
theoretical minimum more than 11 times. Since the phase shifters and especially T/
R modules are the most expensive phased array components, minimization of their
number is always desirable. Moreover, the indicated minimization corresponds
to maximization of the array element spacing that can also give some additional
preferences in the array design.

Selection of the maximum element spacing corresponding to the minimum
number of controlled elements in the limited-scan arrays results in the presence of
the array factor grating lobes in real space. Their high level is usually undesirable,
since it corresponds to lowering the array gain due to taking a part of the radiated
power away from the main lobe. Besides, the presence of the high grating lobes can
also result in ambiguity of the target detection finding. The simplest way of suppress-
ing the grating lobes is to utilize large-aperture radiating elements [58, 59] or non-
overlapped subarrays of simple radiators fed in phase [16, 56]. Such an approach
has been realized, for instance, in an array of dual-reflector antenna elements [60-
62] used in the radar “Ruza” [5]. Application of the large-aperture horn elements
is considered in [63, 64]. However, more or less effective grating lobe suppression
in such arrays can be provided only when the main lobe is steered in the broadside
position. Deflection of the main lobe from the boresight is accompanied with fast
growing of the grating lobe level and therefore fast lowering of the array gain in
accordance with the shape of the radiation pattern of a large-aperture element or
of a cophasal subarray. Application of the large-aperture elements in combination
with their irregular arrangement in the array aperture [1, 19, 24] allows effective
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destroying of the grating lobes. However, fast gain reduction with deflection of
the main lobe from the boresight remains, since the power radiated earlier in the
grating lobes is lost as well due to spraying into the background. Moreover, the
irregular arrangement of the antenna element can result in complicating the design
of both the radiating structure and the feeding system.

The theoretical minimum of the array element number is achieved not only at
the maximum element spacing corresponding with the specified scan sector width,
there should also be provided the maximum efficiency of the array aperture when
the array gain behaves according to the cos6 law, where 0 is the angle of beam de-
flection from the boresight. If the gain drops faster, as takes place in arrays of the
large-aperture elements or cophasal subarrays, satisfaction of the specification on
the array gain in the scan region results in the necessity of enlarging the aperture
area, which, in turn, leads to increasing the element number over its theoretical
minimum.

Since the behavior of the grating lobes of the array and its main lobe at scan-
ning is determined by the array element pattern shape, the ideal amplitude element
pattern corresponding to the minimum number of the elements must be propor-
tional to v/cos6 in the scan region and have zero level outside it thereby providing
complete suppression of the grating lobes. Such patterns are referred to as sector or
contour patterns. The term flat-topped patterns is also widely applied for them in
the appropriate literature.

The shaping of the flat-topped element patterns is of interest not only
from the viewpoint of minimization of the element number in the limited-
scan arrays but also by other reasons considered next. In the array designed for
wide-angle scanning, the element spacing must be small enough. However, the
density of the array element arrangement can be restricted by the transverse
dimensions of the existing phase shifters or T/R modules. For instance, ap-
plication of the ferrite phase shifters [65] in the millimeter-wave band arrays
[60, 66] results in element spacing exceeding the wavelength. Similar spacing may
take place in some X-band phased arrays of feed-through type where their control
cells are arranged nearby the phase shifters. Shaping of the sector element patterns
in such cases allows the suppression of the grating lobes and the provision of
maximum array gain in a maximally wide scan sector corresponding to the element
spacing dictated by the phase shifter dimensions.

The sector flat-topped element patterns are of interest also in connection with
the possibility of using the arrays with such elements as feeds in reflector and lens
antennas. The sector element patterns in these cases allow the provision of high
efficiency of the illuminated aperture with minimum loss for spillover. The use of
such arrays in multiple beam antennas for radiotelescopes of a new generation and
for the systems of radiovision has been considered in [67-70].

At last, some approaches to shaping the sector and contour array element pat-
terns may be applied to shaping the sector and contour patterns in other antenna
applications, since antennas with such patterns are required, for instance, in com-
munications systems with contour zones of servicing [71-73] and in the systems of
power transfer by means of microwave beam [74, 75].

It is known that the sector element pattern cannot be shaped by using currents
or fields distributed over the aperture of only one array cell. Strictly speaking,
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the appropriate distribution must occupy the entire array aperture and thereby
use all the array cells. Therefore, the sector array element pattern corresponding
to excitation of one controlled array input is, in fact, the pattern of the array
as a whole at the indicated partial excitation. This pattern is referred to in the
literature as the subarray patiern or the partial array pattern. Since the field
distribution corresponding to excitation of any array input occupies the entire
array aperture, the array with the sector element patterns consists of overlapped
subarrays.

Publications on studying approaches to the creation of phased arrays with over-
lapped subarrays shaping the sector patterns started to appear in 1970s. A review
of the results published on this subject over subsequent two decades in Western
literature was made in Chapter 8 of [19]. The results of Russian and some foreign
studies were also described in [57, 76]. The interest to the subject has not been
getting weaker, and more than two dozen papers have been published since the late
1990s. Some of them have been included in the second edition of [24] and in [1].

The present book is the first separate monograph devoted to a systematic de-
scription of the theory and methods of shaping the sector and contour element
patterns in linear and planar phased array antennas. The book consists of six chap-
ters based mainly on the results obtained by the author. They are compared to the
results obtained by other specialists.

Chapter 1 contains basic fundamental relations and restrictions for phased
arrays obtained using the general antenna theory applied to periodic structures.
Main attention is paid to the ideal array element pattern defined as a pattern
corresponding to the highest achievable array gain in the widest possible scan region
for specified array element spacing. We reveal and describe the properties of the
ideal sector and contour element patterns. The results obtained with that connection
have also allowed us to develop a technique for determining the dimensions and
shape of a planar aperture providing formation of orthogonal beams arranged in
a specified Cartesian regular skew lattice, as described in Appendix 1B. They have
also helped to derive new expressions for evaluating the radiation efficiency of the
dense arrays shaping the contour radiation patterns in general case. The material
on this subject can be found in Appendix 1C.

In Chapter 2, we consider the formation of overlapped subarrays shaping the
sector radiation patterns on the basis of feedthrough multiport networks. The con-
sideration includes an overview of various technical solutions available in the previ-
ous literature, as well as a description of a proposed multicascaded beam-forming
matrix, which we call the chessboard network. Results of its optimization together
with computed and measured radiation patterns of the array on its basis are pre-
sented and discussed. We also consider the use of a linear array with the chessboard
network as a feed of a parabolic-cylindrical antenna. Finally, we propose and ana-
lyze some optical analogs of the chessboard network designed for shaping very nar-
row sector flat-topped element patterns.

Chapter 3 is devoted to arrays of dual-mode waveguides coupled to each other
through the slots in their walls. The amplitude distribution in the aperture corre-
sponding to the sector partial pattern is formed by the first (even) and second (odd)
modes propagating in the waveguides. The indicated modes are excited and phased



Introduction XVii

in the required relation obtained as a result of optimization of the array geometry.
The effectiveness of such an approach is confirmed both by computed data and by
measured characteristics of the appropriate array breadboard.

In Chapters 4, 5, and 6, we investigate approaches based on using the natural
mutual coupling always existing between radiating elements over free space. Chap-
ter 4 is devoted to the array of densely arranged waveguides with reactive loads
realized by short circuits, forming a modulated corrugated structure. Each passive
short-circuited waveguide is excited due to strong coupling both with active (con-
trolled) elements and with other neighbor passive waveguides. The sector partial
radiation pattern is formed as a result of the appropriate choice of the short-circuit
positions in the waveguides. We present both a technique of analysis of such arrays
and some measured results confirming the theory.

The shaping of the flat-topped element patterns in waveguide arrays with pro-
truding dielectric elements characterized by strong mutual coupling in the forward
direction is investigated in Chapter 5. The numerical analysis of the waveguide-
dielectric arrays is accomplished by a hybrid projection method. This method has
specially been developed for solution of both two- and three-dimensional problems
and may be of independent interest.

Finally, Chapter 6 describes shaping of the flat-topped array element patterns
by using multilayer strip structures, disk structures similar to the corrugated rods,
and wire structures forming the Yagi-Uda antenna elements, which, similarly to the
protruding dielectric elements, are also capable of supporting the traveling waves. This
chapter also considers other wire structures forming semitransparent walls that provide
distributed coupling between array cells with the same purpose of shaping flat-topped
element patterns. We present both calculated and measured results characterizing the
capabilities of such an approach. The arrays of the Yagi-Uda elements are analyzed with
an efficient method developed for calculation of Green’s function for dually periodic
structures and described in Appendix 6A. Appendix 6B contains a modification of the
Kummer’s method developed for accelerating the convergence of series arising in two-
dimensional problems for one-dimensional periodic structures.

This book is designed for researchers and engineers working in the array an-
tenna area, including phased arrays, as well as to students specializing in antennas
and microwave engineering.
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General Concepts and Relations

1.1 Basic Characteristics

1.1.1 Element and Array Radiation Patterns

Any array antenna is a set of antenna elements referred to as radiating elements, or
just radiators arranged some way in space. An example is presented in Figure 1.1,
where the radiators are shown in the form of rectangular apertures arranged in a
Cartesian rectangular system of coordinates {x, y, z} with appropriate unit vectors
e, ey, and e,. Description of the array radiation characteristics is accepted to carry
out in a system of spherical coordinates {r, 8, @} shown in Figure 1.1 as well. The
spherical coordinates relate to the Cartesian ones in such a way that the unit vector
e, directed to the observation point is determined by formula

e, = uey +ve, +we, (1.1)

where u = sinfcos@, v = sin@sin@, and w = cos@ are direction cosines, while 8 and ¢
are the angles measured from axes z and x, respectively.

One of the fundamental concepts in the array antenna theory is the array ele-
ment pattern [1, 2]. This parameter, which has actively been used since 1960s,
corresponds to the case when, in the transmitting mode, the signal of excitation is
supplied to the input of only one array element while all the other inputs are as-
sumed to be terminated with matching loads. Since the electromagnetic interaction
always exists between the array elements, the radiation corresponding to excitation
of one input is, strictly speaking, formed by all the elements. For this reason, the
array element pattern is also referred to as a partial array pattern.

The amplitude element pattern in general case is a complex vector function
describing the angular distribution of the electric or magnetic field strength at some
distance R,, from the origin of a local coordinate system related to the nth excited
element. Usually, of primary interest is the element pattern in far zone where the

z

Figure 1.1 Generalized array geometry and coordinate systems.



General Concepts and Relations

dependence of the field strength on the distance is described by the function
exp(ikR,)/R,,, where k = 27/A is the free space wavenumber, A is the operating
wavelength, and the omitted time dependence is assumed here and later to be taken
in the form e,

The great importance of the element pattern not only involves accounting
for interaction of any chosen element with all the other elements, but it is also
the basis for determining a number of other important array characteristics. One
of them is the radiation pattern of the array as a whole in its far zone (i.e., at
distances 7 3 212/, where L is the largest transverse array dimension). In this
case, the directions from each element to the observation point are considered
to be parallel and, therefore, their angular arguments are identical. Let 7, be a
vector specifying the position of the nth array element (Figure 1.1), C, be a com-
plex amplitude of the signal supplied to the input of the indicated element, and
F, (6, @) be the element pattern corresponding to the unit amplitude of the excita-
tion. Then, according to the principle of superposition, the vector complex array
pattern is determined as

Fo(6,9) = Q CuF,(6,p)e *n'er (1.2)

where the summation is performed over all the array elements and the exponential
factor accounts for the element position in the common coordinate system shown
in Figure 1.1, in which the dependence of the array far field on the distance is deter-
mined by the common factor exp(ikr)/r.

1.1.2 Array Factor

Although each specific array antenna is usually composed of identical radiating
elements, the radiation patterns of the latter differ from each other even in those
cases when the elements have identical orientation in space and are arranged on
a straight line or a plane in the nodes of a regular Cartesian lattice. This fact is
explained by the effect of mutual coupling in combination with different positions
of the elements with respect to the array edge. However, the mutual coupling in
many cases is significant only between elements situated at a close distance from
each other. For this reason, the overwhelming majority of the elements in large
multi-element array antennas with regular Cartesian lattices are situated in almost
equal conditions. This allows one to neglect the edge effect and believe that all the
elements have identical radiation patterns. In this case, the array pattern (1.2) may
be rewritten as the product

Ex(6,9) = F(6,0)Far©, ¢) (1.3)

where F(6, ¢) is the common element pattern replacing the patterns F, (6, ¢), and

Fyp(6,0) = Q Cpe™ e (1.4)
n

is a complex scalar function called array factor.
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The array can provide maximum radiation in a specified direction if it is phased
appropriately. Let the angles 6, and ¢, determine the desired direction, and the
signals of excitation come to the array inputs with complex amplitudes determined
by formula

C, = ¢ et (1.5)
where ¢, is a complex amplitude with argument independent of 7,
ey = upex +vpey +wye; (1.6)

is the unit vector corresponding to the direction of phasing, and u = sin ,cos ¢,
v = sin 6y sin @, and w( = cos6 are its direction cosines. With accounting for (1.5),
the array factor (1.4) takes the form

Fyp(6,0) = & cpe’rero=er) (1.7)

n

from which we see that the exponent is equal to zero in the direction of phasing,
meaning that the fields from the radiating elements add in phase resulting in form-
ing the array beam. The phases of signals (1.5) can be changed by phase shifters or
other control devices for scanning the beam in the space.

The nodes of the regular lattice mentioned earlier are arranged equidistantly
in the rows and columns which, in general case, may not be perpendicular to
each other. Such a skew lattice is shown in Figure 1.2(a) together with a Carte-
sian rectangular coordinate system whose origin is placed in one of the nodes.
The lattice is specified by element spacing d, in a row, spacing d, between the
rows, and displacement d, between adjacent rows in the row direction. The lat-
tices usually used in practice are rectangular with d; = 0 and triangular with
ds=d, /2. An important special case of the triangular lattice is a hexagonal one
where d = dx\/§/2.

If the columns and rows are numbered by two indices # and 7, as shown in
Figure 1.2(a), the position of each element in the array with the lattice arranged in
the plane z = 0 can be specified by the radius-vector

Prn = Xmn€sx T Ynly
X = mdy + nd, (1.8)
Vn = ndy
Accounting for (1.8) allows rewriting the array factor (1.7) as
Far(0,0) = 8 .c,, ¢ lmmiio- (-] (1.9)

where c,,,, is the amplitude of the mnth element.

Analysis of (1.9) shows that the array factor has maxima called grating lobes,
whose positions in the space of direction cosines # and v are determined by
formulas
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Figure 1.2 (a) Skew Cartesian array lattice, and (b) diagram of array factor grating lobes.

M=%=u +pi
Eo0T P
U_&_U aeq péoi (1.10)
k & "d, 5d,
with p, g =0,+1,+2,.... So, the array factor grating lobes in case of array with

a regular lattice are also arranged in a regular lattice in the direction cosines space
as, for instance, shown in Figure 1.2(b). Note, that displacement of the rows in the
array lattice at distance d, in the horizontal direction results in displacement of the
columns in the grating lobe lattice at the distance Ady/(d.d,) in the vertical direction.
The maximum corresponding to indices p = 0 and g = 0 is usually called principal
lobe, while all the other maxima are called secondary grating lobes and the word
“secondary” is usually omitted. Since the space of real angles (visible space) cor-
responds to the direction cosines satisfying the condition #? + v* £ 1, only a finite
number of the grating lobes can be present in the visible space, as demonstrated in
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Figure 1.2(b), where the unit circle represents the visible space boundary and the
main lobe position is shown by a nonfilled small circle. In practice, the presence
of the main lobe only in the visible space is desirable. At sufficiently small element
spacings and appropriate phasing, there exist cases when neither main nor second-
ary grating lobes are present in the visible space. However, such cases are not of
practical value because they correspond to complete reflection of the input power
from the radiating array aperture. The shadowed rectangle shown in Figure 1.2(b)
represents a periodic cell of the grating lobe lattice. The issues associated with it will
be discussed later in Section 1.3.2.

Apart from the grating lobes, the array factor and the array pattern as a whole
have also so-called sidelobes filling in the space between the grating lobes. The level
and arrangement of the sidelobes depend on the shape of the array aperture and on
the distribution of the input signal amplitudes. These factors also influence on the
width of the main and secondary lobes.

1.1.3 Directivity, Gain, and Efficiency

The capability of an array antenna, like any other antenna, to concentrate its
radiation in some direction is characterized by a special parameter introduced in
the antenna theory by A. A. Pistolkors in 1929 under the name literally translated
from Russian as coefficient of directive action. The modern English-language an-
tenna literature utilizes the term directivity for it. This parameter is defined as the
ratio of the flux density of the power radiated by an antenna in a definite direction
at distance 7 in the antenna far zone to the average radiated power flux density on
a spherical surface of the same radius 7 surrounding the antenna. The distribution
of the power flux density in far zone of an antenna fed with supplied power P} is
described by function P, (0, @)/r*, where P4(6, @) is the power antenna radiation
pattern proportional to [F4(6, ¢)*>. Using the indicated pattern in the definition
given earlier, we can write the array directivity D in the direction of phasing

(6o, @) as

_ Pa(B0,9o) /* _ 4mPa(60,0)

D(6y,0,) = 1.11
(60, 90) Py (dnr?) Py (1.11)
where
2n &
Py = () ( P (6,0)sin0d6d @ (1.12)
00

is the total radiated power.

Although the directivity is an important energy array parameter, it does not
account for inevitable losses associated with absorption of a part of the supplied
power in the elements and feeding lines as well with reflection of a part of the power
from the aperture back to the feeding system. The indicated features are accounted
for by another parameter called the array gain. The array gain in the direction of
phasing, G(6y, @), is determined by (1.11) for the directivity, where the total radi-
ated power (1.12) is replaced by the input power Py’; that is,
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47PA 00,
Gl6o, go) = 712C0.00) (1.13)
PA

Analysis of (1.13) and (1.11) shows that the array gain and directivity relate to
each other as

G(60,Po) =1D (69, 9o) (1.14)

where

n="Ps/P" (1.15)

is the coefficient taking into account the losses for absorption and reflection and
thereby characterizing the array radiation efficiency.

Note that (1.11) and (1.13) do not account for polarization losses, which as a
rule also take place in real antennas. To account for them, one should replace the
total power pattern standing in the numerators of (1.11) and (1.13) by the power
pattern corresponding only to the specified operating polarization.

1.2 Infinite Array Model

As we already noted, the edge effect on the element performance in large multi-
element linear and planar arrays with regular lattices may be weak, and then the
majority of the array elements may be considered a part of an infinite periodic
structure. Such a model is of great interest, since the analysis of the fields in it can be
reduced to their consideration within only one array cell. This significantly simpli-
fies the problem and at the same time reveals some important effects that may take
place in large regular arrays.

1.2.1 Quasi-Periodic Excitation

Let the inputs of an infinite planar array with the lattice shown in Figure 1.2(a) be
fed by signals with identical amplitudes and progressively varying phases so that
the phase difference between adjacent columns is equal to Y, and the phase dif-
ference between adjacent rows is equal to Y. Let j%(r) and j”(r) be distributions of
the electric and magnetic current densities formed in a finite region V = V, of the
central cell with indices m =7 = 0 [Figure 1.2(a)] as a result of such an excitation,
which we will call quasi-periodic. Then, due to periodicity of the structure, the cur-
rent distributions in other cells will repeat the amplitude and phase relations of the
input signals; that is, the current densities in the region V,,, situated in the mnth
array cell will obey the relation
]224(’,) — ’-e,m( y - pmn) eszx+me (1.16)
where p,,,,, is determined according to (1.8).
The vector potentials corresponding to the current distributions (1.16) are de-
termined by
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AS"(r)= " (r)Gp(r,r)dV

4
where
1 f éoé eikRmn imYotinY
Grirrt)=— § a —e"" "0 (1.17)
4ﬂm=—¥n=—¥ Rm”

is the Green’s function for doubly periodic structures with quasi-periodic excita-
tion, and R,;,,, =17 - 7t - p,,,,,|. Since (see, for instance, [3])

eikRmrz 7 ¥ ¥ 1 ¢ +7 ¢ +7 0
2 pioa ==X )+ iB(y = yi=yn) ly‘z_z‘d(xdﬂ (1.18)

4R 872 0, 0y

where
y= (k% = o - B2)V2 = i(a? + B2 - k)12

and x,,, and y, are determined by (1.8), we can apply the Poisson’s summation
formula [4] to (1.17) and rewrite the superposition of spherical waves there in the
form of a superposition of plane waves

. ¥ ¥
Gpl(r,rt) = Zdld é é 1 eia,,(x—x¢)+iﬂ,,q(y—y¢)+iI",,q\z—ﬁ
XY p=-¥g=-¥ qu

Ea - g (ol (1.19)
prq

where p = xe, + ye, and pt = xte, + yte, are projections of the vectors » and »¢on
the horizontal plane,

1 iopx+iflygy
Wpalp) = e P (1.20)
Jdxd,
Ty = (k* = wpg)''? = ilwhy - k)" wpg =l + Bi) '? (1.21)

and the asterisk * denotes complex conjugation.

The coefficients o, and B,,, having the meaning of the transverse propagation
constants of the plane waves in (1.19) and (1.20), are determined from (1.10),
where the direction cosines #, and v, relate to the phases Y and Y as

Y, 1 2 d

;
, SEIL IV 1.22
"7 kd, WO kd, 8 T d, (1.22)

Using the expressions for the electric and magnetic field strengths via the vector
potentials [5]
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E:-,l [N(NxA€)+E2A°]-N~ A™

1WE(

: (1.23)
H=-——[NNxA")+k2A"]+ N~ A°

10l

where gy and y, are the electric and magnetic constants for free space, we can repre-
sent the fields above the structure (for z 3 zhax, where zfn.x is the upper limit of the
source distribution in the longitudinal direction) in the form of expansions in terms
of the vector wave functions called Floquet modes

E(r)= Ny é[lePqupq(p) + quszq l//217q (p)
bq

g TapgWpq(ple; e’ 7 (1.24)

H(r)= é.[rqulquZPq(p) KT 1p4P)
P

10, Ty paV pg(Ple 16 77 (1.25)
where 19 = (Uo/eo)"? is the free space wave resistance, and
Boaex — ape
Vipg(P) = =2y () (1.26)
Wpq

_ opex t Bpgey

Vpq(p) (1.27)
Wog pq

Wqu(P)

are vector functions of the transversal electric (TE) and transversal magnetic (TM)
modes, respectively. The scalar function (1.20) as well as vector functions (1.26) and
(1.27) are orthonormalized [6] so that

dx d)'

0 C) V/pq(P)II/;tqw(P)dXdy = 6p¢p5q¢q
00

i dy (1.28)

0 0 Wipa(P) Wiiprar(Pldxdy = 8 GypSiyng
00

The amplitudes of the Floquet modes in (1.24) and (1.25) are determined by
formulas

1 aewpqlgz;q‘rpqlﬁnpq e 9
- I5, (1.29)
2 § Mok p

T]pq(uo,vo) =
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e e m g
T,, (uy,v,)= 1 %quIZPq FPqIqu + Ilpq - (1.30)
2pa00 2l § k Mo g '
containing integrals over the sources
L5 = 7 () Wipg (e 17V, j=1,2 (1.31)
14
L5 = 18" (r)Wpq (phe™ 1AV (1.32)

1

Note that since o, and B,,, determine the grating lobe coordinates in the direc-
tion cosine space [Figure 1.2(b)] and simultaneously are the transverse propagation
constants of the Floquet modes (1.24) and (1.25), each Floquet mode corresponds
to one grating lobe of the array factor. At that, the propagating modes correspond
to the lobe arranged in the visible space while the evanescent ones correspond to the
lobes situated outside the latter.

1.2.2 Aperiodic Excitation

As indicated previously, the array element pattern corresponds to the case of supply-
ing the excitation signal to only one array input while all the other inputs are termi-
nated with matching loads. Let such an excited input be corresponding to the central
cell with m2 =# =0 [Figure 1.2(a)] and let a distribution of the electric and magnetic
currents of density J'0., o(r) = J57),.0 _,(* = Pm,n) be formed in the mnth cell as a
result of the indicated excitation. The relation written earlier reflects the fact that the
coefficients of mutual coupling between two elements in an infinite periodic array
depend only on the differences of the indices prescribed to the elements.

Using the principle of superposition and coupling coefficients introduced earlier,
we can express the relation of the latter to the current distributions (1.16) corre-
sponding to the quasi-periodic excitation. In particular, the current densities in the
central cell can be represented as

ie’m(erany)z a a ]OmOn ZMYx+i”Yy

m=-¥n=-¥

— a a J() e n )e—ime—inYy

m=-¥n=-¥

(1.33)

The expression (1.33) represents a double Fourier series whose coefficients are
determined by

T T .
T on®)=="5 0 077" Y5 Yy)e "0 dY . dY, (1.34)
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The pair of expressions (1.33) and (1.34) determines the relation between the cur-
rents induced in an infinite periodic array at its quasi-periodic excitation and the cur-
rents corresponding to its aperiodic excitation. Using (1.8) and (1.22), we can rewrite
(1.33) in the form

e (r, 1oy v0) = a a J§ 10, r)e™ KEmmt0 T ymv0) (1.35)
m=-¥n=-¥%

which will be applied later.
The far zone electric and magnetic field strength components corresponding to
the excitation of the central cell input can be determined by general formulas [5]

Eg =ikMoAgy + Apx), He=Eg/mno
(1.36)
Ey=ikoAGx-Aby), He=-Ey/no

where A" are the vector potentials in the far zone. They correspond to the currents
in all the cells and therefore are determined as

i/er )
AP 00120 & & Iilholrte Iy
m=-¥n=-¥y_
_e - ik(xtu+ylv+2tw)
= 4y 8 & 0 J0.ms0,-n (7t~ Prun)e dv (1.37)
m=-¥n=-¥y,__
ikr m ¢ ¢
= 4 0 B B 57 e Mgy
Vm=-¥n=-¥

where the last line is written after replacement of the integration variables xt ® x¢ +
Xmns Yt ® yt + vy, and change for integration over the central cell only.
Using (1.35), let us rewrite (1.37) in the form

ikr

Agm“, 0 (P) - LOje’m(N u U)e-ik(x¢u+y¢u+z¢u/)dv
b b 47[1’ V bAae ]
(1.38)
eikr . . ikt
= \dxdy TmOIe’m(f¢,M,U)Woo( phe " dV
\%

where parameters #( and v in (1.20) have been replaced by # and v, respectively.
The vector potential components in the spherical coordinates are determined
via their Cartesian components as

Ag = Ay cosBcos@ + A, cosOsing - A;sin 0
(1.39)
Ap = -Aysing + A, cos ¢
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If we replace g and v in (1.10) by # and v, respectively, and account for (1.21),
we can rewrite (1.39) as

I'oo woo
k (aoAx + ﬂoo A)/) - 7AZ

Ag = ;

w,
00 (1.40)

_ 1
Ap = _Tm(ﬁooAx _aoAy)

Determining the Cartesian components from (1.38) and substituting them in
(1.40), we obtain

AS" = _ 14 e 200 200
0¥ Y any k
(1.41)
em _ d.d ezkr Jem
Ay = —\[dxdy Ay 100

where expressions (1.31) and (1.32) have also been taken into account. Finally, sub-
stituting (1.41) in (1.36), as well as accounting for (1.29) and (1.30), we obtain the
following expressions

eikr
Eg=n0H, = . Fg
o (1.42)
Ego:-noHe:er F,
where
__ik™no
F@,p)=- o \dxdy Tro0 (1, v)cos 6 (1.43)
_ ik™no
Fp(0,0) = 7 \Jd=dy Tigo(u,v)cos 6 (1.44)

are components of the array element pattern.

Expressions (1.43) and (1.44) determine an important relation revealed earlier
in another way [6] between the array radiation characteristics at the quasi-periodic
and aperiodic excitations: the array element pattern components are proportional to
the amplitudes of the TE and TM Floquet modes of zero order, multiplied by cosine
of the angle between the array broadside and direction to the observation point.

Let now M~ N elements in an infinite array be excited with identical ampli-
tudes and progressive phases corresponding to scan the main beam to angles 6, and
@o- Then the flux density of the power radiated in the beam direction, where contribu-
tions from all the excited elements add in phase, will be equal to

N 272
1Re[E' H Ve, = M 2N
2 2r No

IF(60,¢0)I* (1.45)



12

General Concepts and Relations

1.3

where e, is the unit vector of the beam direction (1.6), and F(6,, ¢,) is the vec-
tor element pattern with components (1.43) and (1.44) corresponding to input
power P supplied to each excited element. Then dividing (1.45) by the flux density
MNP™/47r* corresponding to a uniform distribution of the total input power over
a sphere of radius 7, we obtain the following formula for the gain of the array frag-
ment in question:

G(69,90) = MNg(69, po) (1.46)
where
_ 2rm 2
8(6,9) = iy LF(©,0) (1.47)
0

is the factor representing the array element gain.

The expressions (1.46) and (1.47) demonstrate that the dependence of the array
gain on the scan angles exactly repeats the dependence of the array element pattern
on the angles of observation. This property once more underlines the importance of
the array element pattern concept in the array antenna theory.

Ideal Element Pattern

1.3.1 The Highest Level

In practice, it is always desirable to radiate the power supplied to the array inputs
without any losses in the direction of the main array beam scanning in a specified
region. In this case, the array gain achieves its maximum level, and the element pat-
tern corresponding to such a situation is considered the ideal element pattern [1,
6, 7]. To determine the level and angular dependence of the ideal element pattern
in an infinite array, let us consider a quasi-periodic excitation at which each array
element is fed with power P™ and the radiated field is determined by superpositions
of the Floquet modes (1.24) and (1.25). The power that the array radiates in the
perpendicular direction through a plane surface parallel to the array aperture plane
per one array cell is determined by integration of the flux density Re[E~ H Je,/2
over a rectangle of dimensions dy ~ d,. Since the input power is to be radiated
without losses (i.e., completely), the result of integration must be equal to P™.
Moreover, since all the radiated power is to be going in the main lobe correspond-
ing to the Floquet modes of the zero order in (1.24) and (1.25), then, substituting
(1.24) and (1.25) in the expression for the flux density and integrating it with ac-
count for orthogonality relations (1.28) and the fact that I'go(kbsin8) = kcosf, we
obtain

%(|T100|2 +1Th00 |2)1]0/€2C089:Pin (1.48)
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Using now (1.48), (1.44), and (1.45), we finally obtain the following expression
for the ideal power array element pattern:

X

- dyd
Palt,p)= 5 IEa(@,p)= P" P coso (1.49)

Thus, the level of the ideal power element pattern is determined by the prod-
uct of the power supplied to the element input, the array cell area in squared
wavelengths, and the cosine of the observation angle measured from the

broadside.

The ideal vector (amplitude) element pattern is determined from (1.49) as

- ded 0
F4(0,9) = \/21’1“770 %p(e,fp) (1.50)

where p(6, @) is a factor characterizing the polarization of the radiated field—for
instance,

p,9)=¢, singo+e¢c03(p (1.51)
for vertical polarization,

p(6,0) = eg cosp - e, sing (1.52)
for horizontal polarization, and

_eo Tiep Q20

p(6,0) (1.53)

for circular polarization of that or another rotation, while eyand e, are unit vectors
of the corresponding spherical coordinates.

Note that the highest possible level of the power and amplitude element pat-
terns determined by (1.49) and (1.50) corresponds to the far field components writ-
ten in the form (1.42). Therefore, appearance of any factors in the expression for
the far field should be appropriately accounted for in the expressions for the ideal
element patterns.

Substitution of (1.50) in (1.47) yields the well-known expression for the ideal
array element gain [7]

2ia(0,0) = 47:;1;@ cos® (1.54)

The expression (1.54) allows for a simple interpretation [7] resulting from the
expression 47A/A? for the gain of a planar uniformly excited aperture of large area
A. Since the array gain equals to the product of the element gain by the number of
the elements (1.46), the element gain is derived from the gain of the array aperture
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with replacement of area A by the area of the cell allotted to one array input, and
the multiplication by cos6 corresponds to projecting of the cell area onto the plane
perpendicular to the observation point direction. This simple reasoning was put
in the basis of the work [7], while (1.54) here is the result of a rigorous derivation
published initially in [8, 9].

1.3.2 Contours of the Ideal Element Pattern

At sufficiently small interelement spacings (e.g., at dx = dy<A/2 in a square lattice
or at dy<A//3 in a hexagonal lattice), the secondary grating lobes of the array
factor (1.9) cannot appear in the visible space at any position of the main lobe in
that space. Therefore, the expressions for the ideal power and amplitude element
patterns (1.49) and (1.50) corresponding to radiation of the whole input power in
the main lobe are valid for any angles in the visible space. If, on the contrary, the
element spacings are sufficiently large (e.g., d,= dy>/’t/x/§ in the square lattice or
d,>2A/3 in the hexagonal lattice), at least one secondary grating lobe can enter the
visible space when steering the main lobe to some positions. Such a situation con-
sidered in [10, 11] in the context of the ideal element pattern is typical for practice
since the beam scanning in planar arrays is required as a rule only in some part of
the visible space rather than in the whole space, and the array designers try to meet
that requirement at maximum admissible element spacings. In this case, the radia-
tion of the whole input power in the main lobe can be provided if the array element
pattern suppresses the grating lobes appearing in the visible space when scanning
the main lobe. In other words, the ideal element pattern must be equal to zero in the
region of the grating lobe movement and have the highest level (1.49) or (1.50) in
the region of the main lobe scanning. At the same time, the scan region of the main
lobe must be as wide as possible.

Thus, together with the highest level (1.49) or (1.50), the definition of the ideal
array element pattern includes the concept of the maximum single-beam scan re-
gion, which we denote as W. The area of the region Wunder the condition that it is
completely arranged inside the unit circle in the direction cosine space is evidently
equal to Sy = A% /(dxdy) because just that area is allotted to each grating lobe, as
shown in Figure 1.2(b). Therefore, the simplest maximum scan region Wand corre-
spondingly ideal contour element pattern is the gray rectangle in Figure 1.2(b). Each
position of the beam in this rectangle is determined by a single pair of control phase
values lying in an interval of 27z. However, the contour shape satisfying the require-
ments of the area and one-to-one correspondence between the control phases and
beam position may vary. Some examples of possible ideal element pattern contours
for rectangular lattices are given in Figure 1.3. The scan region shown in Figure
1.3(a) consists of two adjacent parallelograms with base 1/d, and height 4/(2d,)).
The contour shown in Figure 1.3(b) is formed by two shifted 120° arcs of radius
l\/g/(Zdy) and two straight horizontal segments of length A/d,. Apart from the
singly connected contours like those just considered, the ideal scan region can be a
multiply connected one and the ideal contour element patterns can correspondingly
be multibeam pattern. For instance, the contour presented in Figure 1.3(c) consists
of two rectangles of width 1/(2d,) and height A/d, arranged with a gap of A/d,. In
this case, the beam scanning in one subregion corresponds to negative phase differ-
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© (d)

Figure 1.3 (a—d) Contours of the ideal element pattern of array with rectangular lattice.

ence between the adjacent array columns, while the scanning in another subregion is
performed with positive phase difference. The scan region in Figure 1.3(d) consists
of four isosceles triangles with bases equal to A/d,, for the upper and lower triangles
and A/d for the left-hand and right-hand ones. All their lateral sides are identical
and equal to A,/d5> + d;z /2. Note that the areas of subregions in a multiply con-
nected scan region may, in principle, be nonidentical. For instance, instead of the
identical rectangles in Figure 1.3(c), one may have width D, 0 < D< A/d,., while the
width of the other will then be A/d, - D, and the left side of the left-hand rectangle
must be at the distance 21/d,, from the right side of the right-hand rectangle.

Some examples of the ideal contours for a hexagonal lattice are presented in
Figure 1.4. They can be an ordinary equilateral hexagon of side 21/(3d,) [Figure
1.4(a)] and a parallelogram of width A/d, and lateral side length A/d,, [Figure 1.4(b)].
The angle o in the parallelogram must obey only the condition that the parallelo-
gram is completely situated within the unit circle corresponding to the visible space.
Two starlike multiply connected ideal contours are presented in Figure 1.4(c, d).
One consists of six identical equilateral triangles with side length 24/(3d,.), while the
other comprises six isosceles triangles with base length 24+/3 /d, and lateral side
length 24/(3d,).

Although exotic, some of the contours considered here may be of practical in-
terest. For instance, using two hexagonal arrays with the element patterns shown in
Figures 1.4(c, d), one can cover a biconical (annular in the direction cosine space)
scan region as demonstrated in Figure 1.5(a) that is required in some modern appli-
cations of satellite communications and telecasting [12, 13]. The same region may
also be covered by three arrays with the element patterns shown in Figure 1.3(b)
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© (d)

Figure 1.4 (a—d) Contours of the ideal element pattern of array with hexagonal lattice.

by arranging these arrays in one plane at an angle of 120° to each other, as shown
in Figure 1.5(b).

1.3.3 Element Gain on Ideal Contour

One of the properties of the ideal element pattern contour is that if the main lobe
gets to the contour, at least one grating lobe must appear in another place on the
contour. Such a situation can be seen in Figures 1.3 and 1.4. In these cases, the ra-
diated power is distributed among the main and secondary grating lobes, and the
expression (1.54) for the element gain should be corrected. This can be done by
multiplying (1.54) by correction factor & = Py/Ps equal to the power concentrated in
the main lobe divided by the total radiated power.

Let us first consider the simplest cases. Assume that one of the lobes arranged
on the contour depicted in Figure 1.3(c) is the main one. Then we have £=1/2 for

v

(@) (b)

Figure 1.5 (a, b) Application of the element patterns shown in Figure 1.4(c, d), as well as in Figure
1.3(a) for covering annular scan region.
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the symmetry. If the main lobe falls upon the ideal scan region boundary, as shown
in Figure 1.4(c, d), then & = 1/6 also for the symmetry. If the main lobe scans from
the center of the scan region in Figure 1.4(a) to the right-hand corner, then two
grating lobes will occupy the left-hand upper and lower corners of the equilateral
hexagon. A symmetric configuration of the three lobes will be formed in this case,
and, therefore, £ =1/3.

In general case, as shown in Appendix 1A, the correction factor is determined

by

E=% (1.55)

where o is the angle at which the scan region (or its part) is seen from the point
of the main lobe position. Let us consider the contour shown in Figure 1.4(b). If
the main lobe is arranged in the upper corner of the contour, the correction factor
is determined by (1.55). If the main lobe is placed on the left side or in the right
lower corner, then { = 1/2 or &= (1 - a/n)/2, respectively. The value & = 1/2 is
valid for beam arrangement not only on straight sections, but also on any smooth
curvilinear sections of an ideal contour, such as, for instance, the contour shown
in Figure 1.3(b). For the contour shown in Figure 1.3(a), & = arctan(dy/2dy)/x
when the beam is placed in the left corner, and & =1 - arctan(d,/2d,)/ = when it
is placed in the right corner point (in the coordinate system origin). If the beam
is arranged in the upper or lower corners of the contour shown in Figure 1.3(d),
then & = arctan(d,/d.)/ r, while the beam arrangement in the right or left corners
gives & = arctan(d,/dy)/ .

Note that the sum of the angles at which an ideal scan region is seen from the
points of all the lobes situated on scan region contour is constant and equal to 2.
The factor (1.55) can be used not only when the main lobe is situated on the ideal
contour but also when it is arranged inside the scan region since o = 27 in this case
and hence £ =1.

1.3.4 Ideal Element Efficiency and Mutual Coupling

To reveal some other properties of the array element having the ideal radiation
pattern (1.49), let us consider the array element efficiency 7,. This parameter was
introduced in [7] and additionally studied in [14]. The ideal element efficiency
can be calculated by formula (1.15) where power P¥ should be replaced by power
P supplied to the input of one element only. Furthermore, one should substitute
the ideal element pattern (1.49) in the total radiated power (1.12) instead of
PA(6,0) and perform the integration only over the ideal single-beam scan region
W outside of which the pattern element pattern is equal to zero. Taking into ac-
count that the angular variables in the integral can be replaced by the direction
cosines as

sin0dodo= 4V (1.56)

1-u?-0?
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as well as that cos@ = v1 - #? - v?, we obtain

Sw

- i (1.57)

Ne

Thus, the ideal element efficiency is determined by the ratio of maximum scan
region area and the area of a periodic cell in the grating lobe lattice on the direction
cosine plane.

In case of sufficiently large element spacings when the periodic cell is totally
situated inside the unit circle representing the visible space, this cell itself is the
maximum scan region W of area 12/(dxdy), and the ideal element efficiency (1.57)
is equal to unity or 100%. As already noted, such a situation takes place at
dy = dy3/1/\/§ for a square lattice and at d,. 3 24/3 for a hexagonal one.

In the opposite case (i.e., when the element spacings are small enough), the
maximum single-beam scan region occupies the whole visible space. Its area equals
the area of the unit circle S\ = 7, and the ideal element efficiency (1.57) takes the
form [7, 14]

nd.d,

2 (1.58)

Ne =

valid at d, £ A/2 for a square lattice and at d,£ AR3 for a hexagonal lattice.

In the intermediate case, the periodic cell covers a part of the visible space and
partially goes out of the boundary of the latter. The maximum scan region therefore
represents a figure formed by interception of the cell with the unit circle as shown
in grey in the insets of Figure 1.6. One of the examples here is the square lattice
with square unit cell. Calculating the area of interception of the square with the unit
circle Syyand substituting it in (1.57), we obtain

0.8+

0.6

0.4

0.2+

d./A

Figure 1.6 Ideal array element efficiency versus element spacing in square and hexagonal lattices.
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4d2 d2 ® 0
j (1.59)
Xg

for element spacing 1/2 £ dy £ A/\/2.

Similar calculations for a hexagonal array with element spacing A /A/3 £ dy £ 21/3
and when the periodic cell in the direction cosines space is taken in the form of
equilateral hexagon give

3d2 dzae 2 OU
(e in, | i £ (1.60)

Variations of the ideal element efficiency with element spacing for the cases of
the square and hexagonal arrays considered earlier are shown in Figure 1.6 by a
solid curve and a curve with large dashes, respectively. As we see, the initial section
of the curve corresponding to formula (1.58) for the hexagonal array goes below
the curve for the square array. This takes place because of a denser arrangement of
the elements in the hexagonal array compared to the square one at identical element
spacing d, in the rows.

Note the ideal array element efficiency can depend not only on the type of
the lattice as demonstrated and shown earlier in [14] but also on the shape of
the scan region ideal for the specified lattice. For example, instead of the equilat-
eral hexagon, we take a rhomb of the same area and with smaller angle of 60°,
as shown in Figure 1.6, and the 100% element efficiency is realized at d,, 3 A
(i.e., at the greater minimum value of spacing), while formula (1.58) is valid only
for d, £ A/2 (i.e., for the smaller maximum value for spacing). The element ef-
ficiency for the intermediate values of the element spacing is determined in this

case as
I [3d: 3, d3ix 20

5 > ¢—-2arcsin, |1 - 5T

2 TaT R 4d? ;

M2 Ed, £A3

3d2 30 d2\3%rx 20
+ > G——arcsm 1-— —
= A 83 4dx

T /l/ﬁ,sdxu

(1.61)

and the curve calculated according to (1.61) is shown in Figure 1.6 with small
dashes.

The concept of the element efficiency is closely associated with important
phenomena, such as interaction or coupling between array elements. This inter-
action has a few components [7]. In particular, it can act as coupling between
the array inputs (coupling in the backward direction) and as coupling between
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the array inputs and the radiators in the array aperture (coupling in the forward
direction). The 100% element efficiency corresponds to the complete absence of
coupling between the inputs (i.e., the backward coupling coefficients are equal to
zero). From this fact and formula (1.33), we can conclude that the amplitudes of
reflected waves at the quasi-periodical excitation of an array with such ideal ele-
ments are also equal to zero, and this takes place at any values of control phases.
The array in this case is called ideally matched [7] or unconditionally matched
[6, 15].

As already noted, for sufficiently small element spacing, the periodic cell on the
direction cosine plane completely or partially covers the unit circle corresponding to
the visible space (the examples for the latter case are given in Figure 1.6). At quasi-
periodic excitation of an array with such ideal elements, the power supplied to the
inputs is completely radiated in the main lobe while it is situated in the ideal scan
region. Theoretical possibility of such an ideal match has been proven in [16]. How-
ever, there exist some values of the control phases at which the main lobe is steered
in the sections of the periodic cell situated beyond the unit cell and, at the same
time, the grating lobes are situated outside the ideal scan region. Since the main lobe
is not present in the visible space and those grating lobes that have entered there are
suppressed by the ideal element pattern, there is no power radiated in the visible
space. That means that the power supplied to the array is totally reflected back to
the feeding system. So, the reflections in the array of ideal elements are not absent
for all values of the control phases, and for this reason such an array has been called
conditionally maiched in [6, 15]. Since the amplitudes of the reflected modes at the
quasi-periodic excitation are not equal to zero in some range of the control phase
values, the backward mutual coupling coefficients determined by formula similar
to (1.34) are already not equal to zero, and as a result, the ideal element efficiency
is below 100%.

1.3.5 On Realizability of the Ideal Contour Element Pattern

It is well known (e.g., [5]) that field distribution over an aperture and its radiation
pattern relate to each other via Fourier transform. As described earlier, the ideal
element pattern corresponding to the 100% element efficiency is a contour one
(i.e., is a function of observation angles having a jump from nonzero values in the
scan region W down to zero outside W). Nonzero values of the Fourier transform
of such a function determining the amplitude of excitation are distributed over the
whole infinite aperture. That means that each array input must be coupled with all
the radiators in the aperture, and therefore the forward mutual coupling must be
realized in the array in the absence of backward coupling. Excitation of all the array
inputs results in forming of overlapped aperture distributions, and for this reason
the array may be considered an antenna consisting of controlled elements in the
form of overlapped subarrays.

The amplitude distribution over the subarray aperture corresponding to the
ideal contour element pattern may vary considerably even within one array cell.
For instance, the distribution sin(zx/d)/(mx/d) corresponding to a sector pattern
of width 2arcsin(0.54/d), where d is the array cell dimension, changes the sign in
the limits of each lateral cell. One of the possible approaches to forming similar
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aperture distributions consists of making use of radiators of sufficiently small trans-
verse dimensions densely arranged in the array aperture. However, as described in
the previous section, the radiators arranged in a dense lattice have low radiation
efficiency because of the backward mutual coupling. For this reason, the question
about the fundamental possibility of forming the ideal contour element pattern cor-
responding to the 100% element efficiency by means of a subarray of closely spaced
low efficient radiators requires a special analysis. Such analysis reported earlier in
[17, 18] is reproduced next.

Let us consider an infinite array whose inputs are arranged in the nodes of the
skew lattice shown in Figure 1.2(a). Each array cell of dimensions d,.~ dy is filled in
by radiators forming a dense lattice with spacing a = d,/M in the horizontal rows
and distance b = d /N between adjacent rows shifted at D= d,/M in the horizontal
direction, where M and N are some positive integer numbers. The radiators are as-
sumed to be ideal (i.e., conditionally matched). The aperture geometry of such an
array is shown in Figure 1.7(a).

Let the central array input be fed by a signal of power P'", and this power is fur-
ther distributed without losses and reflections through a hypothetical beam-forming
network over the subarray radiators as shown in Figure 1.7(b). All the other array
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Figure 1.7 Dense array geometry (a) in the aperture plane and (b) in the 0xz plane.
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inputs are assumed to be terminated with matching loads. We represent the power
coming to the pqth radiator as a product PIA, I, where A, is a dimensionless
amplitude coefficient and P is a common factor having dimension of power and

determined from the condition
s & ,
P A A lAy,l*=pr" (1.62)
p=—¥g=-¥

resulting from the energy conservation law. Then, noting that the radiators filling
in the aperture with spacings a and b are ideal as assumed earlier, we can write the
subarray radiation pattern in the form

Fio.9)= 2010 25 p(6.0)Far ) (1.63)

where the product of the first two factors represents the ideal radiator pattern (1.50)
where all the mutual couplings are taken into account and

¥ ¥ ‘
Fap(t,0)= Q & Apge” *hrth) (1.64)
p=-¥q=-¥

is the subarray factor where x}, = pa+gD/M and y} = gb are coordinates of the
pqth radiator and (u, v) are direction cosines of the observation point.

The cosine behavior of the subarray pattern has already been accounted for in
the first factor of (1.63). So, it is appropriate to determine the amplitude distribu-
tion over the subarray aperture as the Fourier transform of the function equal to
unity inside the ideal scan region Wand zero outside it (i.e., of the window function
corresponding to the ideal contour element pattern). Choosing the samples of that
transform in the points corresponding to the radiator coordinates, we write the
amplitudes of the radiator excitation as

qu - 00 eik(xf;qu¢+ygvt)du¢dv¢ (1.65)

Substituting (1.65) in (1.64) and taking into account the well-known properties
of the delta function, in particular,

¥ ¥

a ¢’ =2rn Q o(x+2rp) (1.66)

p=-¥ p=-¥

1

Olax) =— O(x) (1.67)

la

we obtain
/12

Fyp(u,v) = (1.68)
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for (u, v) inside Wand Fyp(u,v) = 0 for (u, v) outside W. Note that being a pe-
riodic function, the subarray factor (1.64) has other regions in the (u, v) space
where it is not equal to zero either. However, those regions for sufficiently small
spacings a and b are situated beyond the visible space and therefore they give no
contribution.

Let us now consider the condition (1.62). Taking the distribution (1.65) into
account, we can write

¥ ¥ ¥ ¥ . .
A A 1Ayl = gdudviy & @ N dydy (1.69)
p=-¥q=-¥ W p=-¥g=-¥

Using the properties (1.68) and (1.69) again, we will see that the integration
over u and v gives the value (1.68) in the scan region W, and the integration over u¢
and u€gives just the ideal scan region area A%/(d,d,). Therefore,

¥ ¥ 2 2
o o » A A
a Al =—
ooy 1 abd.d,
and we determine from (1.62) that
in ab dxd
p=pnel /lzy (1.70)

Finally, substituting (1.68) and (1.70) in (1.63) and comparing the result to
(1.50) we will see that F(6,¢) © E,(6,¢).

Thus, the ideal contour array element pattern corresponding to the 100% ele-
ment efficiency and absence of the backward mutual coupling can in principle be
formed by an infinite subarray of closely spaced ideal radiators despite that each
such radiator excited in the subarray individually has low efficiency corresponding
to the presence of backward mutual coupling. The appropriate amplitude distribu-
tion over the subarray aperture is determined by Fourier transform (1.65) of the
ideal contour element pattern divided by +/cos® (i.e., of the corresponding window
function). The reflected modes in this case are completely compensated for just as
it takes place at a quasi-periodic array excitation, while the main lobe remains in
the visible space.

1.3.6 Properties of Orthogonality

General formulas (1.42) determine the far field corresponding to excitation of the
central array element by a signal of power P™, If this power is supplied to the input of
the mnth element forming the ideal radiation pattern, the far field can be written as

eikr '
Em (r’g,q)) = 7Fid (9,(p)e—lk(xmnu+yny)
7
(1.71)
H™(1,0,0) = les” E™(1,0,0)]
Mo
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where the exponential factor accounts for the mnth element position, whose coor-
dinates x,,,,, and y,, are determined in (1.8). The product of the second and third fac-
tors in the upper line of (1.71) represents the ideal mnth element pattern Ej"(6,¢)
in the general coordinate system shown in Figures 1.2(a) or 1.7(a).

Let us consider the product of the far fields of the mnth and m¢:¢h elements in
the form

QLE™ ~ H"™" xe,r* sindd6d g
0

(1.72)

—_
)
B
B

=—— 0 0E(0,0)xF;"™" (6,)sin0d6dp
00

where the lower line obtained from the upper one using (1.71) is a scalar product

of the ideal mnth and m®:@&h element patterns <F£’",Fg’¢"¢>. The asterisk in (1.72)

denotes complex conjugation. Replacing the angular coordinates in (1.72) by the

direction cosines according to (1.56) and assuming that ideal element pattern is the

contour one, we can rewrite (1.72) as

dydy |
2

<E’c’lnn’1:;3nmn¢> = Pln A 0 eik[(xmﬁnf_xmn)u"'(ynﬂ_yn)y]dudy (1.73)

The integral similar to that standing in (1.73) has been considered in [6,
Chapter 7, Appendix 2] to prove the orthogonality of the transverse wave func-
tions (1.20), (1.26) and (1.27) of the Floquet modes. At m¢=m and n¢= #n, this
integral is just equal to the area S\y = A*/(d,d,) that the ideal contour element
pattern occupies on the direction cosines plane. If the inputs are different, the in-
tegral in (1.73) is equal to zero. This fact is easy to prove using the periodicity of
the integrand along the rows and columns. If the ideal region Wis not rectangular,
the indicated periodicity allows us to transform it into a rectangle of dimensions
(Ald,y)” (l/(dy) , and the equality of the integral to zero can be inspected directly.
Thus,

<Eg"”,Fi3”¢"¢> = PG i O (1.74)
and therefore the ideal contour patterns of different array elements are or-
thogonal. At m¢= m and nt¢= n, the expression (1.72) determines the total
power that is radiated by the element and that, according to (1.74), is equal
to the input power so that the element efficiency is equal to 100%, as noted in
Section 1.3.4.

Let us now consider the aperture distributions corresponding to the ideal con-
tour element patterns. The array aperture is assumed to be densely filled in with
radiators, as shown in Figure 1.7(a). Let qu(x,y) be a distribution of the transverse
vector field in the aperture S,, of the pgth radiator or in the cross section of the
corresponding closed feed line if the radiators are not the aperture-type ones. The
function f,,(x,y) is also assumed to be corresponding to the undisturbed incident
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operating mode of unit amplitude and to be equal to zero outside S,,. Then the
incident field distribution over the radiator apertures (or over the cross sections of
the feeding lines) can be written as

A )= & & foale e O gy (1.75)
p=-¥q=-¥ W

where the integral over W determines the amplitude for the pgth radiator corre-
sponding to excitation of the mnth input. The indicated amplitude coincides with
(1.65) at m=n=0.

The scalar product of the distributions corresponding to excitation of the m#nth
and m®¢h inputs is

¥ ¥
<Am",AmW> =0 0 A (x,y)XA™ ™ (x,y)dxdy (1.76)
-¥-¥

Substitution of the appropriate expressions resulting from (1.75) in (1.76) yields

<Amn’Am¢n¢> Q(‘)(‘)dudve k(X pntt+y,v)

Q
(1.77)
00 duwdy¢ezk Xptttdb+ Yt g g eik[x?,q(u—u¢)+y§7(y—v¢)]
o p=-¥ g=-¥
where
O = () Ifpq(x, ¥ dxdy (1.78)
Spq

is the value identical for all the radiators. Taking into account that x4, = pa + gD /M
and yf = gb as well as using the properties (1.66) and (1.67), we reduce (1.77) to

2’2

<Amn’Am¢n$> - Q =

(\)(\) elk[ Xt = Xgn JUH (Yt =Y )V deU (179)
w

where we see the same integral as that standing in (1.73), proving the orthogonality
of the ideal contour element patterns.

Thus, the aperture distributions corresponding to the window functions
of the ideal contour element patterns are also orthogonal. The orthogonality of
the element patterns and appropriate aperture distributions is one more prop-
erty characterizing the absence of the mutual coupling between the array input
ports.

A similar situation takes place in multibeam antennas, where the orthogonality
of the beams corresponds to the absence of coupling between the input ports and
therefore the absence of losses in beam-forming circuits [19-23]. Moreover, the rela-
tions between the ideal contour element patterns as well as between the appropriate



26

General Concepts and Relations

amplitude distributions over the array aperture allow us to develop a technique for
determining dimensions and shape of a planar aperture providing formation of or-
thogonal beams arranged in a specified regular lattice. That technique was first pre-
sented in [24]. Its description in more detail is given in [25, 26] and Appendix 1B.

1.4 Element Pattern with Nonideal Contour

As described in Section 1.3.2, the ideal element pattern contour corresponding to
the scan region occupying only an internal part of the visible space consists of a
few pairs of shifted straight or curved lines and always has angular points. As a
rule, these features are absent in the scan region contours specified in practice. The
simplest example of that is a conical scan region having a circular contour. Such a
scan region has been considered in [5] and [24] in connection with determining the
minimum number of controlled elements necessary for providing beam scanning
with a specified gain in a specified region. The element power pattern level in this
case varies as cos@ within the cone where only the main lobe is present. The pattern
level outside the cone is zero providing complete suppression of the grating lobes.
Let 6,, be the semiflare angle of the cone corresponding to the maximum scan angle.
Such a circular scan region is shown in gray in Figure 1.8.

The array element directivity determined according to (1.11) and (1.12) is in
this case [5]:

D, (0,¢) = 4cos0

\/gsin 6, /

Figure 1.8 Circular scan region and arrangement of grating lobes for a hexagonal array with maxi-
mum element spacing.

(1.80)

sinzem

v




1.4 Element Pattern with Nonideal Contour 27

If such a circular scan region is realized by an array with hexagonal lattice, the
maximum element spacing in a horizon row at which the secondary grating lobes
do not enter the circle is determined by

A
dx max == .
’ \/gsinem (1.81)

Taking into account that the maximum spacing between adjacent rows in the
hexagon lattice is dy, max = dx, max N3/ 2, and using (1.54), we obtain the maximum
element gain

2mcos6
\/gsinzem

Since the element gain is equal to the element directivity multiplied by the ele-
ment efficiency 1,, then dividing (1.82) by (1.80), we obtain

8.(0,0) = (1.82)

- T
=5 (1.83)

that amounts about 90.69%. Note, that the element efficiency (1.83) is exactly
equal to the area of the circular scan region divided by the area of the maximum
(ideal) scan region. The latter is also shown in Figure 1.8 in the form of an equilat-
eral hexagon surrounding the circular region.

If the conical element pattern is formed by an array with square lattice, the
maximum element spacings providing the single-beam scanning in the region cov-
ered by the element pattern are dy max = dy,max = A/(2sinb,,). The ideal scan region
area in this case is equal to (A/ dx,max)2 = 25in%6,,. Dividing the circular region area
7sin®6,, by the ideal scan region area, we obtain

T
Ne 4 (1.84)
or about 78.54% (i.e., the efficiency of shaping the conical element pattern in the
array with square lattice is still lower than that in the hexagonal array).

It is interesting to note that the highest achievable element efficiency (1.83) for
array with hexagonal lattice and (1.84) for array with square lattice coincide with
the maximum efficiency determined in [27] for a multibeam antenna with circular
aperture and arrangement of the beams in the nodes of hexagonal and square lat-
tices, respectively.

The element efficiency reduction caused by nonideality of the element pattern
contour in the array with maximum element gain can be explained as follows. Since
the element gain is maximal, the nonideal contour must situate inside the ideal one.
In this case, there exist some values of the control phases at which the main lobe falls
into the gap between the two contours. An example of such a situation is presented
in Figure 1.8, where the main lobe displacement from the central position to the
gap between the nonideal circular contour and ideal hexagonal contour is shown
by an arrow. Since both the main lobe and the secondary grating lobes are arranged
in the region where the element pattern has zero level completely suppressing them,
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the power supplied to the array is completely reflected from the array aperture
back to the feeding system. This situation in some sense is similar to the regime of
conditional match introduced in [6, 15] and mentioned in Section 1.3.4. The only
difference is that the main and grating lobes there are arranged outside the visible
space, while here they all are situated outside the region covered by the contour
element pattern. In both cases, there exist some regions of the control phase values
where the array reflection coefficient is not equal to zero when scanning. And since
the coefficients of coupling between the array inputs are Fourier coefficients of the
reflection coefficient [6, 7], similar to (1.34), the coupling coefficients are already
not equal to zero, unlike those corresponding to the element pattern (1.50) having
an ideal contour.

Thus, if the contour element pattern has the ultimate level (1.50) but its contour
differs from an ideal one for a specified lattice, then such element patterns do not
possess the property of orthogonality any more, and the element efficiency cannot
in principle achieve the 100% level because of the presence of mutual coupling
between the input ports.

However, note that if a contour radiation pattern is formed in an infinite
array not as the element pattern corresponding to excitation of only one input
port, the conclusion concerning the efficiency of such a shaping drawn earlier
is not valid. If, for instance, the contour pattern is formed by an infinite ar-
ray of closely spaced radiators at independent excitation of all the inputs of the
latter, then, as shown in [17, 28, 29] and in Appendix 1C, the array efficiency
can achieve the theoretical maximum of 100% at any specified shape of the
contour.

1.5 Minimum Number of Controlled Elements

As noted in the Introduction, array antennas having large aperture for providing
high gain in a specified scan region may comprise thousands and even tens of thou-
sands of controlled elements. Since the control devices are the most complex and
expensive components in an array antenna, minimization of their number has al-
ways been a problem of great importance. The first fundamental results of its solu-
tion were obtained in [1], where the minimum number of controlled elements in a
linear array was determined by the scan sector width divided by the beam width. In
the subsequent paper [30], the minimum number of controlled array elements was
determined in the form

1 1
Nmin =EoDdW (1.85)

w

where Wis a specified scan region, dW = sin6d6d¢, and D(6,¢) is a specified func-
tion of directivity. The result similar to (1.85) was later reported in [31] (see also
formula (8.80) in [21]). Some other expressions for the minimum number of con-
trolled elements can be found in [21, 32-34]. The reasoning used for derivation of
the expression for the minimum number of controls is presented next.
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1.5.1 Formulation

Since the edge effect on the characteristics of a multi-element array antenna is weak,
we can assume that the array element characteristics are identical. In this case, we
can consider a large finite array as a fragment in an infinite array, as has been done
in the end of Section 1.2.2. According to (1.46), the gain of such an array equals the
element gain multiplied by the number of the array elements. If the array gain has
been specified, it is clear that the minimum number of its elements is achieved at the
highest achievable element gain [i.e., at the ideal element gain that is determined by
formula (1.54)]. Taking into account the angular dependence of the ideal element
gain (1.54), we can write the array gain as

G(0,9) = G, cosb (1.86)

where G, is the array gain in the broadside direction, which is assumed to be speci-

fied. Since this gain is related with the aperture area A according to the well-known
formula G, = 4mAl2%, then

AZ
A="G, (1.87)
4r
As described in Section 1.3.2, the area Sy of the scan region Wcorresponding to
the ideal element pattern and completely lying inside the visible space is related to
the element spacings d,. and d, by formula Sy = 2%/(d,d,). Assuming that the scan
region area is specified, we can express the cell area allotted to one array element
as
/'LZ
Ace=dxdy=—— (1.88)
Sw

Dividing now the array aperture area (1.87) by the cell area (1.88), we obtain
the minimum number of the elements

_ Sw
Nmin_ EGO

(1.89)
expressed via the specified array gain in broadside and the specified area of the ideal
scan region in the plane of direction cosines.

Note that formula (1.89) can be obtained directly from (1.85) if one substitutes
the gain (1.86) in (1.85) instead of the directivity because the gain and directivity
for the array with ideal contour element pattern are identical and therefore the in-
dicated substitution is valid. Note also that if formula (1.89) gives a number having
a fractional part, one should throw off the latter and add unity.

Another approach to determining the minimum number of controlled elements
is based on the concept of orthogonal beams filling the specified scan region [21]. If
each array input port corresponds to one such a beam, as, for instance, takes place
in an array utilizing a Butler matrix [5, 23, 35], then the scanning in the specified
region by switching N beams requires N - 1 switches [21]. The minimum number
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of the beams and therefore the number of the input ports in this case will be deter-
mined by formula

Sw
S

beam

Nmin = (190)

where Sp.,, = D,D, is the area allotted to one node in the lattice of the ortho-
gonal beam arrangement in the direction cosine plane, with D, and D, being the
lattice periods shown in Figure 1B.1 in Appendix 1B. Using (1B.1), we obtain
Sbeam= D,,Dy = A%/A. Substituting this expression in (1.90) and taking into account
(1.87), we again come to (1.89).

Thus, both approaches considered here give the same expression for the mini-
mum number of controlled elements. However, unlike the former one, the latter
approach uses no suggestions on the contour shape bounding the specified scan
region. If the scan region has a nonideal shape, like, for instance, a circle consid-
ered in Section 1.4, the minimum number in the first approach is determined by
the area of an ideal scan region covering the specified nonideal scan region rather
than the area of the specified region itself. This situation is illustrated in Figure
1.8, where the circle represents the nonideal region while the hexagon embracing
it corresponds to the ideal one. Since the area of the nonideal region is smaller
than that of the ideal one, the second approach provides a smaller minimum
number of controls compared to the minimum number obtained when using the
first approach.

1.5.2 Element Use Factor

Antenna elements and matrices designed for forming orthogonal beams cannot be
ideal in practical array antennas, and therefore the number of controlled elements
in them always exceeds the theoretical minimum. One of the parameters charac-
terizing the indicated exceeding is the element use efficiency introduced in [36,
p. 159] (see also [34, pp. 77-78]). It has been determined as the ratio of the min-

imum number of controlled elements and their actual number N (i.e., N,;,/N).
There also exists the inverse parameter
N
¢= 1.91
Nmin ( )

which was introduced in [37] (see also [21], p. 447) and called the element use factor.
The exceeding of the element number above the theoretical minimum (1.89)
when satisfying specifications on the array gain and scan region may be caused by
the necessity of decreasing the element spacings or increasing the aperture area or
both. The former case can be illustrated by the arrays where the element spacings
are determined from the condition that the grating lobes do not appear in the vis-
ible space as the main lobe scans over a specified region. If the latter is a circle of
radius sin@,, considered in Section 1.4, the maximum spacing between adjacent
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elements arranged in hexagonal lattice is determined by the well-known formula
dy = 2A/[\3(1 + sin6,,)]. Dividing the aperture area (1.87) by the cell area of
d2+/3/2, we obtain the number of elements N = +/3(1 + sin6,,,)Go/(87). Substituting
this number and minimum number (1.89) in (1.91) and taking into account that
Sw = 7sin®6,,,, we obtain [5, 38]

. 2
N :\/§(1+.51;19m) 1.92)
Nin 27msin“6,,

The plot of the element use factor (1.92) versus maximum scan angle 6,, is
presented in Figure 1.9. As we can see, the superfluity of the controlled elements in
the arrays based on keeping the grating lobes outside of the visible space are very
high for narrow scan regions, and the use of the elements shaping contour radiation
patterns in such cases may be preferable.

The necessity of using the number of controlled elements exceeding the theo-
retical minimum (1.89) due to increasing the array aperture area may be illustrated
by the example of the phased arrays consisting of uniformly excited nonoverlapped
subarrays [5, 38]. Let the period of arrangement of such subarrays in a hexagonal
lattice be maximum determined according (1.81) for a specified maximum scan
angle 6,,. Let also the subarray aperture be an equilateral hexagon uniformly filled
with closely spaced radiators. Then, the radiation pattern of such a subarray in the
region of its main lobe and a few nearest sidelobes will be close to the radiation
pattern of an appropriate continuous hexagonal aperture. The level of the indicated
pattern in the main planes of the aperture is determined by formulas (1B.8) and
(1B.9). Substitution of the hexagon side a = dx,maX/\/g = A/(3sind,,) in (1B.7) gives
the level in the horizontal plane F(sin6,,) = 6 /z. The level of the pattern at the
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Figure 1.9 Element use factor versus maximum scan angle for a hexagonal array scanning without
grating lobes in visible space.
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scan region edge in the vertical plane is practically the same. Assuming that the co-
sine behavior of the subarray gain is accounted for by the radiator pattern, we find
that the array gain at the scan region edge turns out to be 7*/36 » 2.7 times lower
than the ideal level. To compensate this reduction, one should increase the array
aperture area by the same factor 2.7, and this corresponds to the same increase of
the number of controlled elements compared to the theoretical minimum.

Note that the factor (1.92) as well as the array gain reduction when using the
uniformly excited nonoverlapping subarrays presented earlier corresponds to the ideal
match of the elements to free space. If there are mismatch losses, the exceeding of the el-
ement number will be even higher. The number of elements may be increased compared
to the theoretical minimum for some other reasons as well (e.g., because of the tapered
amplitude distributions required for reduction of the level of sidelobe radiation).

1.6 Two-Dimensional Problems for One-Dimensional Periodic

Structures

1.6.1 Fields at Quasi-Periodic Excitation

As noted in Section 1.2, a doubly periodic structure is a convenient model for analy-
sis of real large multi-element planar phased arrays, since it allows one to reduce
the problem to consideration of the electromagnetic fields within only one period.
However, in spite of such simplification, the problem is still three dimensional and
vector, and therefore its solution still requires large computational costs. One may
consider such costs defensible for analysis of the arrays for which the principles of
construction and basic design have already been determined. However, it is often
useful to study novel approaches to array construction including novel methods of
shaping sector and contour array element patterns by making use of an even simpler
model. Such a model is a one-dimensional (1D) periodic structure, the geometry
and excitation of which do not depend on one of the coordinates. The geometry
of such a two-dimensional (2D) problem is sketched in Figure 1.10. The array is
periodic with period (element spacing) b. Its geometry and functions representing
excitation of the array inputs are assumed to be independent of y. Therefore, all
the fields in the structure depend only on two Cartesian coordinates x and z or two
cylindrical coordinates p and 6 related to the Cartesian ones by formulas x = psin@
and z = pcos®.
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Figure 1.10 Geometry of two-dimensional problem for one-dimensional periodic structure.
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Analysis of this 1D periodic structure can be performed similarly to that de-
scribed in Section 1.2 for a 2D periodic structure. Consider first the quasi-periodic
excitation at which the signal coming to the inputs have identical amplitudes and
linearly progressing phases with increment Y. Let such an excitation result in form-
ing a distribution of electric and magnetic currents of density j¢(x,z) and 7™ (x,z2),
respectively, over finite region S = S, corresponding to the central array cell with
index 7 = 0, as shown in Figure 1.10. Then the current distributions in other cells
will repeat the amplitude and phase relations of the excitation signals, and therefore
we can write the following relation for the currents formed in region S,

i (x,2) = §O7 (x - nb,z)e™ (1.93)

where (x,y) TS,. Note that the currents 7 (x,z) depend also on the controlling
phase Y.
Vector potentials corresponding to the currents (1.93) are determined by formula

A" (p) = 7" (PYGY (p, pt)dS (1.94)
S

where p = xe, + ze,, pt = xte, + zle,,

.¥ )
GPlp, ph=" & ¢"HY) (kyJ(x - xt - nb)? + (2 - 20)%) (1.95)
n=-¥

is the quasi-periodic Green’s function for the 1D periodic structure under consid-
eration, and Hg)(...) is the Hankel function of the first kind and zero order arising
after integration of the corresponding three-dimensional scalar Green’s function
(1.18) over y’ using formula 8.421.11 from [39]

;¥ it
HY(x)=-~ ) ——dt, x>0 (1.96)

ﬂ_gé /x2+t2

Using the spectral representation for the Hankel function (see, for instance, [3]),

¥ plox+ivk
0 —da (1.97)
¥

() L e

1
T

where y = \/kz —o? = i\/az - k%, as well as the Poisson’s summation formula [4],
we can rewrite the superposition of cylindrical waves (1.95) in the form of a super-
position of plane waves (Floquet modes)

; ¥ eiaq(x—x¢)+il"q 2=zt

GPp. = & (1.98)
P 2b 7, r,

with transverse and longitudinal propagation constants
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_Y+2ngq
(xq—T

ry= \/kz —océ = i\/océ -k?

(1.99)

It is well known that if the fields and sources do not depend on one of the Car-
tesian coordinates, the system of Maxwell’s equations contains two independent
subsystems. In our case, when there is no dependence of y, one of the subsystems
comprises field components E,, H,, H, and current components f;, j% j% while
the components H,, E,, E_ of the fields and components ), jz, j, of the currents
compose the other subsystem. Using expressions of the fields via vector potentials
(1.23) and taking into account formulas (1.94) and (1.98), the fields over the
structure (at z 3 z¢,,,) corresponding to the first subsystem may be expressed as
follows:

¥ . .
Ey(x,2)= § Tige ™™ (1.100)
q=-¥
P U 1
iogy Tz
(1.101)
E
H, = iﬂiy
oty x
where
1 . ) s —ig =i
TiglY) == bl = Ty i" + o) g2 gt (1.102)
- s

The fields with components (1.100) and (1.101) represent TE modes of amplitudes
(1.102) determined by the currents distributed in the array. Since the magnetic field
strength components (1.101) are determined via the only electric field strength com-
ponent, the presented solution corresponds to the so-called case of E-polarization. The
solution of the second subsystem corresponding to the case of H-polarization represents

the TM mode fields

¥ . .
Hy(x,2)= § To e'®™'s (1.103)
q=-¥
Ee=t 9y
iwg, Iz
(1.104)
_ 1 9H,

10N ox
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above the structure, and

b Fl S 0(Taf = atgfe + ey e "0 dxtddzt (1.105)
s

TZq(Y) =-
are their amplitudes.
Note that the terms S-polarization an P-polarization are often used in the ap-
propriate literature instead of the terms E-polarization and H-polarization, respec-
tively, used in this book.

1.6.2 Excitation of One Array Input

Let ]/ (x,2) be distributions of the electric and magnetic current density formed
in the nth cell (i.e., for (x,2) TS,) as a result of excitation of the central cell input
with the inputs of all the other cells being terminated with matching loads. Since
the mutual coupling coefficients depend only on the difference of the indices pre-
scribed to the cells, we may write ]f;”(“)’( 2)= ] ' (x -nb,z). The indicated distri-
butions may be used for representation of the current density distributions (1.93)
corresponding to the quasi-periodic excitation. In particular, for the currents in
the central cell, there will be valid the expression

77 (%,2,Y a T (x,2)e™ = a Jom x,z)e™™Y (1.106)

n=-¥ n=-¥

Using the asymptotic expression for the Hankel function as kp = kyx? + 2> ® ¥

Hé)l)(k\/(x—x@z Fz-2l » ﬂ:zpei(kp—7r/4)e—ik(x¢sin0+z¢cos(9) (1.107)

we may represent the far zone vector potentials corresponding to excitation of the
central array input as

e.m _ iei(kp_”M) % \ ye.m -ik(xtsin@+ztcos 6)
AY"(p,0)= ——— a ( J, 0 (xhzbte \dxtdzt
227kp =g 0
(1.108)
ieflko-) ¥

\ re,m -ik(xtsin O +ztcos 0)
S " (xt - nb, zb)e dxtdzt
22nkp ,,:6_1¥S(1]°’ i

Replacing the variable xt ® xt + nb, changing for integration over the central
region S, and accounting for (1.106), we rewrite (1.108) as

i '(kp—n:/4)

0_

AY™ 7 (xt, 28, kb sin )e ~R(XtsIN0+2tc0s0) gy 4 ¢ (1.109)
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Substituting (1.109) into (1.23) and keeping only the terms containing p~ /2, we
represent the electric and magnetic field strengths in far zone in the form

Ey(p,6) = ﬁe"k”‘”"”ﬁ(e)

1 (1.110)
HG(PaQ) = _7Ey(p39)
o

where

_ 1 . . = -ik(xtsinB+ztcos O
F(0)= —ﬁg(n(ﬂ; = /7 cos @ + [ sin @)e K(Xtsin0+2tcost) gy o (1.111)

is the nonnormalized array element pattern having the same dimension (volts) as
that in (1.42) and (1.43). Comparing (1.111) to (1.102), we have

E(6)= AT, (kbsin6)bcosd (1.112)

N3

that is, just as for the doubly periodic structures considered in Section 1.2, the ele-
ment pattern in a one-dimensional periodic structure is proportional to the ampli-
tude of the Floquet mode of zero order multiplied by cosine of the observation angle
measured from the array broadside.

Excitation of one array input by an H-polarized signal can be considered in
a similar way. As a result, the electric and magnetic field strengths in far zone are
represented as follows:

Eqg(p,6) = ﬁe’“”‘”‘”h(e)

1 (1.113)
Hy(P)e) = 7E9(p:9)
o

where

E,(6) =~ T, (kbsin6)bcos6 (1.114)

N3

is the nonnormalized array element pattern (also in volts) determined by the ampli-
tude of the zero-order Floquet mode resulting from (1.105).

1.6.3 Ideal Array Element Characteristics

Similarly to those in a doubly periodic array, the ideal element characteristics
(pattern, gain, and efficiency) in one-dimensional periodic array correspond to
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the case when the total power supplied to the array inputs at quasi-periodic ex-
citation is radiated only in the main lobe corresponding to one propagating Flo-
quet mode of zero order in expressions (1.100) and (1.103). Let P, be power
supplied to each array input per unit length along the y-axis. The power that
the array radiates through a planar surface arranged parallel to the aperture
per one period and unit length along y is determined by the corresponding in-
tegral of the flux density Re[E” H' Jte,/2. Since the input power is completely
radiated, the indicated integral must be equal to P,. Furthermore, since the
power is radiated in the zero-order Floquet mode only, then, substituting (1.100)
and (1.101) for the E-polarization as well as (1.103) and (1.104) for the H-
polarization in the expression for the flux density indicated earlier, we obtain
relations

1

0

1T (Y)I* Ty b =B, (1.115)

1 2 —
— T, (Y)I“T,b=P, 1.116
2mey 20N, m ( )

Substituting the magnitudes of the Floquet mode complex amplitudes resulted
from (1.115) and (1.116) in (1.112) and (1.114), respectively, and replacing Y by
kb sinf, we obtain the expression for the ideal amplitude element pattern

Pabcos6
Fy(6) = [1on 2050 (1.117)

valid both for E- and for H-polarization.

If the array period b exceeds half the wavelength, the secondary grating lobes
may appear in the visible space when scanning of the main beam. The highest
possible element pattern level (1.117) in this case is achieved if the element pat-
tern is zero in the region of the grating lobes. Therefore, the ideal element pattern
must have a sector shape, and its width in the sin6 space is equal to A/b (i.e., to the
distance between the adjacent grating lobes). An example of a symmetrical ideal
sector element pattern normalized to the maximum of (1.117) is given in Figure
1.11(a), where the gating lobe positions in the visible space are shown by vertical
arrows. The ideal sector element pattern of width A/b may also be nonsymmetri-
cal with respect to the array broadside as shown in Figure 1.11(b). Just as for
doubly periodic arrays, the ideal region (sector) of scan W of a one-dimensional
periodic array may be multiply connected one. If, for instance, the scan sector is
symmetrical and doubly connected, the corresponding ideal dual-sector element
pattern is shown in Figure 1.12(a), where the width of each sector is equal to
half the total ideal width of the scan region. Figure 1.12(b) gives an example of
a nonsymmetrical dual-sector element pattern with sectors of different widths. If
in this case the width of the left-hand sector is 0 < D < A/b, then the width of the
right-hand sector will be A/b - D. The outer boundaries of these sectors must be
spaced at 24/b apart.
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Figure 1.11 (a) Symmetrical and (b) nonsymmetrical normalized ideal sector element patterns.

If the main lobe is arranged at one edge of the ideal scan region (or its part in
case of a multiply connected region), then a grating lobe of the array factor will ap-
pear at another edge. The radiated power in this case is divided in two parts, and
therefore the element pattern level (1.117) for the edge angles must be multiplied
by 14/2.

At last, the ideal one-sector and multisector element patterns with level (1.117)
and total width A/b at b3 A/2 corresponding to excitation of different array inputs
are orthogonal to each other. The way of proving this property is similar to that
described in Section 1.3.6.

The reasoning concerning the determination of the amplitude distributions cor-
responding to the ideal element patterns is presented in Sections 1.3.5 and 1.3.6.
Similarly to (1.65), the continuous amplitude distribution corresponding to the
ideal sector pattern of the nth element in a one-dimensionally periodic array is
determined by

A"(x)= Ag XM dy (1.118)
w
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Figure 1.12 (a) Symmetrical and (b) nonsymmetrical normalized ideal dual-sector element

patterns.

where # = sinf and A, is some normalizing coefficient. For the pattern shown in
Figure 11(b), the expression (1.118) is reduced to

_ Ao sin[m(x/b = 1)] ik(x-nb)u +u2)/2

A= b -m)

(1.119)

where u; = sin6; specifies the position of the sector pattern left-hand edge, while
u, =uy + A/b. The normalized distributions (1.119) for the symmetrical sector pat-
tern, when #; =- A/(2b), as shown Figure 1.11(a), corresponding to excitation of
the central (z = 0) and adjacent inputs are shown in Figure 1.13. The distribution
resulting from (1.118) for the symmetrical dual-sector element pattern presented in
Figure 1.12(a) is determined by formula

_ Ao sin[r(x/b - n)/2]
b wx/b-n)2

A”(x) cos[3m(x/b - n)/2] (1.120)

The normalized distributions (1.120) for the central and adjacent elements are
depicted in Figure 1.14. As we see, these distributions are more complex than those



40

General Concepts and Relations
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Figure 1.13 Normalized amplitude distributions corresponding to shaping symmetrical single-
sector patterns of the central and adjacent elements.

corresponding to the one-sector pattern and require four or more radiators in each
array cell for their realization.

The orthogonality of the distributions (1.119) is well known. The orthogonality
of (1.118) in a general case can be proven in the same way as in Section 1.3.6 for
the case of dual-periodic arrays.

The array element gain in the two-dimensional case is determined by expression

lRe[E " H'xe,

g)=2 (1.121)
P
2mp

where the average flux density standing in the denominator is taken over a cylindri-
cal surface instead of a spherical one in the three-dimensional case. Substitution of

the fields (1.110) or (1.113) in (1.121) gives

TR \E 0P (1122)

g0)=—
Plnno

that is, the element gain is determined by the element pattern. If (1.117) for the ideal

element pattern is substituted in (1.122) instead of F; ,, we will obtain the ideal ar-

ray element gain in the two-dimensional case

g,4(0) =kbcoso (1.123)

and if the ideal element pattern is a sector one, the ideal element gain is zero outside
the sector of scanning.

Figure 1.14 Normalized amplitude distributions corresponding to shaping symmetrical dual-sector
patterns of the central and adjacent elements.
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The power radiated by the array element per unit length along y is determined
by integrating the flux density
1 /2
Ps=— ( Re[E H'|te,pdd (1.124)

2 -m/2

Substitution of (1.110) or (1.113) in (1.124) and use of the ideal element pat-
tern (1.117) reduce (1.124) to

pin

A

Py = b(‘)a'sine (1.125)

w

If b > A/2, then the total width of the single beam scanning region Win the sin6
units is equal to A/b so that (1.125) gives Ps = P"™. The width of W for b < 1/2 is
equal to 2, and then Ps = 2P™b/A. These results and definition (1.15) allow us to
calculate the ideal array element efficiency in the two-dimensional case by formula

P :%, b< A2
n=->={A (1.126)
4, b3

derived first in [14] (see also [40]).

The element efficiency lower than 100% at small element spacing corresponds
to the presence of mutual coupling between the elements. Reduction of the element
efficiency can also take place at large element spacing when the sector element pat-
tern width is smaller than the ideal width A/b in the units of sinf. The reasons of
such reduction are discussed in Section 1.4.
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Appendix TA Array Element Gain on the Ideal Contour

To derive the expression (1.55) for the correcting factor to the element gain on the
ideal contour (or to the array gain when the array beam is placed on the boundary
of the ideal scan region), let us consider an infinite array with rectangular lattice and
ideal contour element pattern occupying region Won the plane of direction cosines
u and v. Assume that M~ N elements forming a rectangular fragment of this array
are excited with identical amplitudes and progressing phases corresponding to the
beam position characterized by direction cosines (u, v). Then, the total radiated
power per one element may be determined by formula

1 . P(u,v)dudv

= 1A.1
S MN\?/\/l—uz—vz ( )
where
) .2
Plu,v) = /1—142 _ 2 sin (MU) sin“(NV) (1A.2)

sin? U sin®V

is the power fragment pattern where the first factor is the ideal element pattern
(1.49) normalized to its maximum, and the two other ones represent the finite array
factor with U = kd(u - u9)/2 and V = kd, (v - v)/2.

Let us consider the limit of (1A.2) as M ® ¥ and N ® ¥. Taking into account
that

sin’(Mx) 5 sin?[M(x - nr)]
sin? x (x - nm)?

for large M and x ® nzr, n =0, £ 1, ..., and using the delta function representation in
the form (see, for instance, [41, p. 36]):

.2
5(x) -1 lim %Afx)
T M®¥ Mx

in (1A.1) and (1A.2), we obtain the following expression:

ai, (1A.3)

where

Ly = () 6(u - un)S(v - vy )dudv (1A.4)
w
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and u, = ug + p(n)Aldy, v, = vo + q(n)A/d, are direction cosines of the nth grating
lobe (it may be the main lobe as well), with # being an ordinal number prescribed
by the lobe characterized by pair of indices p, ¢ = 0, 1, .... Note that (1A.4) will
also be valid for a triangular lattice if the grating lobe direction cosines #,, and v,,
account for the grating lobe arrangement in the corresponding triangular lattice.

To determine the value of integral (1A.4) when the main lobe and at least one
secondary grating lobe are placed on the contour of the ideal element pattern, let us
consider Figure 1A.1 as an example where the ideal scan region is depicted in the
form of a parallelogram with angles o; and o = 7 - ¢t1 at the base. The positions
of the three lobes are shown by the dots.

The contribution of the lobe arranged in the left-hand bottom corner to the
radiated power (1A.3) is determined by integral I for which #; =v; =0 in (1A.4).
Using the spectral representation for the delta function

| ¥¥
Sw)dw)=—— § § """ dxdy
T vy

and changing for polar coordinates (p,¢) and (w,y) related to the Cartesian coordi-
nates by formulas x = pcos ¢, y = psin ¢, u =wcosy, and v = wsiny, we may rewrite
(1A4) forn=1as

2m¥
0 (\JezwpcoS((P‘W) pdpd(P (1A5)
00

8

1
4r?

where i = @(y) is the equation of contour fragment ABCin Figure 1A.1. Representing
the exponential function by a Fourier series of argument ¢ -  (see, for instance, [3,
p. 45]) and calculating the integral over ¢, we reduce (1A.5) to the expression

1 o 7 ¥
I = 5 0 dv qwdw J,(wp)pdp (1A.6)
To o 0
\
Ab & C
Q
@
0 l;a u

Figure 1A.1 Positions of the main and grating lobes on the contour of the ideal element pattern.
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where J(x) is the Bessel function of the zero order. Since [42] x](x)dx = d[x]1(x)],
where J;(x) is the Bessel function of the first order, the integral over w in (1A.6) is
equal to w]i(wp)/ p. Since J1(x)dx = -d]y(x), the subsequent integral over p is equal
to Jo(0) = 1. Performing further integration over y, we finally obtain I} = oy/(27).
The contributions of the other lobes in the radiated power calculated in a similar
way are equal to I,, = 0,/(2x) where n =2 or 3. As already noted in Section 1.3.3,
the sum of angles o, is always equal to 27, and therefore the relative contribution
of each lobe arranged on the ideal contour in the radiated power is determined by
formula (1.55).

Appendix 1B On the Forming of Orthogonal Beams
by a Planar Aperture

The concept of orthogonal beams is of importance in antenna theory. First of all, it is
associated with designing multiple beam antennas for applications in communication
and radar systems. Such antennas can also serve as a basis for designing the limited-scan
phased arrays (see, for instance, Chapter 8 in [21]) mentioned in the Introduction, as
well as antennas with contour zones of service [43, 44]. It is well known [19, 20, 22]
that providing 100% efficiency of channels in a multiple beam antenna implies that its
beams formed via a feedthrough network by the common antenna aperture must be
orthogonal. Furthermore, the orthogonal beams are a convenient tool for synthesis of
the antenna radiation pattern in the Woodward-Lawson method [45].

The issues of forming the orthogonal beams by linear antennas have been de-
scribed in detail in the literature, in particular, in [21, 23]. As for the planar ap-
ertures, the situation is not so clear except for the simplest case of the orthogonal
beams arranged in a rectangular lattice in the direction cosine space [21]. A pos-
sibility of generalizing the two-dimensional sampling theorem to a skew lattice has
been mentioned in [46]; however, no references to the realization of that possibility
have been made there.

The technique described next allows the determination of the dimensions and
shape of a planar aperture capable of forming orthogonal beams arranged in a
general skew Cartesian periodic lattice with arbitrary angle between its rows and
columns in the plane of direction cosines.

Let the antenna aperture be arranged in the plane z = 0 of a rectangular Carte-
sian coordinate system Oxyz, and let the beam directions be determined by coordi-
nates of nodes in skew Cartesian periodic lattice specified as shown in Figure 1B.1
in the plane of direction cosines # = wcos@ and v = wsing, where w = sinf. The
nodes are arranged in horizontal rows with spacing D,,, while the rows are arranged
with spacing D,. The adjacent rows may be shifted with respect to each other along
the axis u at a specified distance D. In particular, D=0 corresponds to a rectangular
lattice, while D = D ,,/2 corresponds to a triangular lattice, including an important
special case of hexagonal lattice with D, = D ,~/3/2.

The first step of the technique is construction, in the plane z = 0, of a lattice re-
ciprocal with respect to the beam lattice. The reciprocal lattice geometry is shown in
Figure 1B.2. The columns of the lattice nodes are arranged with spacing d, = A/D,,
where Ais the operating wavelength. The spacing of nodes in a column is d, = A/D,.
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) ° )
Figure 1B.1 Skew periodic lattice of arrangement of beams.

The adjacent columns are shifted with respect to each other along the y-axis at
ds = AD/D,D,) so that the angle between the columns and rows remains the same
as that in the beam lattice. The properties of the original and reciprocal lattices are
such that if some radiators were arranged in the reciprocal lattice and excited with
identical amplitudes and phases, then the grating lobes of the array factor would
just be arranged in the nodes of the original lattice in the direction cosine space.

The next step is determination of the aperture dimensions and shape. The aper-
ture area is determined as the area of the reciprocal lattice cell (Figure 1B.2) allotted
to one node; that is,

A=ddy= (1B.1)

Figure 1B.2 Reciprocal lattice in the aperture plane and example of periodic cells.
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The aperture shape may be rather arbitrary, and the aperture may even be a
multiply connected region. However, the following condition must be met. The
apertures of the chosen shape, when arranging them in the reciprocal lattice nodes,
must cover the plane z = 0 with neither gaps nor overlapping. This requirement is
illustrated by Figure 1B.2, where the chosen aperture of area A is shown in gray.
Similarly to the ideal area of single-beam scanning considered in Section 1.3.2,
the contour of such an aperture should consist of a few pairs of shifted straight or
curved lines and should always have angular points.

Let us now prove that the beams formed by a uniformly excited and appropri-
ately phased aperture constructed according to the technique described earlier are
orthogonal. The nonnormalized radiation pattern phased in the node with coordi-
nates #,,,, = mD, +nD and v,, = nD, corresponding to the mnth beam is determined
by formula

Eyn(0,0) = Ncos B eI =tmn Y w=vull gy gy (1B.2)
A

where the square root of the cosine accounting for the gain reduction when deflect-
ing the beam from the broadside may be considered as a normalized ideal radiation
pattern of an aperture element resulting from (1.50). Consider the integral

2n m/2

Conypg = ( 0 Fnn(0,0)Fpq(6,0)sin0d0d ¢ (1B.3)
00

determining the coefficient of coupling between the mnth and pgth beams. The
asterisk in (1B.3) means complex conjugation while the radiation pattern F,, (i)
for the pgth beam is determined by (1B.2) by replacing the indices 1 by pg and by
using other variables of integration (e.g., x¢and y ¢instead of x and y). Replacing
the angles 6 and ¢ by direction cosines # and v, as well as accounting for (1.56), we
may rewrite (1B.3) as

“ E, u,v)E,, (u,v
(jnﬂupq - 00 rnn( ) pq( )
w2 £1

dudv (1B.4)

cosf

For large apertures forming narrow beams and for the cases when such beams
are arranged sufficiently far from the grazing direction, the finite limits of integra-
tion in (1B.4) may be replaced by the infinite ones. Then substitution of the expres-
sions for radiation patterns (1B.2) in (1B.4) and integration over # and v give the
product of delta functions A%8(xt - x)6(yt - y). The subsequent integration over x¢
and y ¢reduces (1B.4) to the expression

Connpg = 22~ 10 ey (1B.5)
A
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representing the coefficient of coupling between the amplitude-phase distributions
corresponding to formation of the mnth and pqth beams. The integral in (1B.5) is
similar to that in (1.73) for the scalar product of the ideal array element patterns.
In the case under consideration, it is equal to the aperture area at m = p and n = q,
and to zero otherwise; that is,

A o 0
mnpq = p D, P "

(1B.6)

This result proves the exact orthogonality of the amplitude distributions corre-
sponding to different beams. As for the beams themselves, they are orthogonal only
asymptotically when the aperture dimensions tend to infinity.

Consider some illustrative examples. A square aperture can provide equal-width
orthogonal beams arranged in a square lattice. The crossover level of two adjacent
beams in the principal planes is, as is well known, equal to —3.92 dB with respect
to the beam peak, while the crossover point of four adjacent beams (equally distant
from their peaks) is placed at the level of —=7.84 dB. To enhance the crossover level,
one should arrange the beams in a hexagonal lattice. In this case, the crossover level
of three adjacent beams in the point of their symmetry is approximately equal to
-5.43 dB. However, as has been noted in [21], such beams from the square are not
orthogonal any more. Therefore, when forming them, a part of the supplied power
will inevitably be lost in the beam-forming network.

To form the orthogonal beams arranged in a hexagonal lattice, one may take
a rectangular aperture with ratio of its sides d./dy = 312 obtained according to
the technique presented earlier. The beams in this case have different widths in the
principal planes and a conventional level of =13.46 dB for the first sidelobes. Be-
cause of the beam nonsymmetry, the beam crossover level is lower than that for the
symmetrical beams. If it is required to form more symmetric beams, one can choose
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Figure 1B.3 Contour map of the radiation pattern formed by an equilateral hexagonal aperture.
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an aperture in the form of an equilateral hexagon. The possibility of obtaining or-
thogonal beams arranged in a hexagonal lattice from a hexagonal aperture has been
noted in [27; private communication with D. B. Rutledge]. The contour map of the
radiation pattern (1B.2) phased in the broadside, normalized to its maximum, and
divided by \/cos8, for such a hexagon aperture with its side length

a=2d, =2t (1B.7)

is presented in Figure 1B.3, where the contours of the zero level are specially shown.
The central part of the beam is truncated at the level 0.2 for better visualization
of the sidelobe structure. The plots of the radiation pattern magnitude (divided by
Jcos@) in decibels in the horizontal (# =w, v = 0) and vertical (# =0, v = w) planes
are calculated using the expressions

_ %cosU -cos2U

FH 1B.8

(w) 3 U2 ( )

FY () = L8 cos v + S0V 08IV (1B.9)
3§ VgV

where V = U/3/2 and U = kaw/2 = 2mw/(3D,,) are shown in Figure 1B.4 by solid
and dashed lines, respectively. As we see, the hexagonal aperture forms an almost
symmetrical beam, and the first sidelobe level, unlike that of =13.46 dB for a rect-
angular aperture, is equal —=16.64 dB in the horizontal plane and -19.02 dB in
the vertical plane. The crossover level of a pair of adjacent beams obtained from
(1B.8) at w =D, /2 is equal to 6/m* or —4.32 dB, which is slightly lower than that
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Figure 1B.4 Radiation pattern in the principal planes of a hexagonal aperture.
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for a rectangular aperture. The crossover level in the center of symmetry of three
adjacent beams, determined from (1B.9) at w =D N3, is =5.96 dB.

Finally, note that the circular aperture does not meet the requirements listed
earlier for the periodic cell shape, and therefore it is impossible in principle to form
orthogonal beams by such an aperture. This explains the results obtained earlier in
[27,47, 48] when calculating the Stein efficiency of the beams formed by a circular
aperture and arranged in the square and hexagonal lattices.

Appendix 1C  On the Efficiency of a Dense Array Shaping a Contour

Radiation Pattern

The problem of shaping contour radiation patterns is of great interest in the an-
tenna theory and technology fields, and not only from the viewpoint of creation of
the limited-scan array antennas [21, 49], as mentioned in the Introduction. Anten-
nas with the contour beams are also used in communication systems [44, 50] and
power-transmitting systems [51, 52]. Great attention to this problem has in recent
years been paid in connection with research and development of large arrays for
radiotelescopes of new generation [53]. One of the possible modifications of the ar-
ray element is a short-focus multibeam reflector antenna. This antenna is required
to provide high aperture efficiency even for the beams steered at large angles from
the broadside in a wide frequency band. The possibility of keeping high aperture
efficiency of a reflector antenna when deflecting the beams at large angles from the
broadside has been proved theoretically in [54] and confirmed by measured results
in [55]. This possibility is based on making use of an array of radiators arranged
in the focal zone (in particular, in the focal plane) of the reflector. The amplitude
distribution over the focal plane array aperture is chosen so as to remove the aber-
rations and to shape a contour radiation pattern for minimization of the loss for
spillover. The operation of the focal array in a wide frequency band can be provided
by application of Vivaldi antennas [56] as radiating elements.

Extensive numerical and experimental studies of the focal plane arrays shaping
the flat-topped radiation patterns have been described in [57-62]. According to
the indicated papers, the feature of such arrays is that the array element spacings
at lower operating frequencies become considerably smaller than half the wave-
length. The element efficiency in such dense arrays is very low, even for ideally matched
elements, for which it is determined by formulas (1.58) and (1.126) in case of doubly
periodic arrays and singly periodic arrays, respectively. The low radiation efficiency of
the element in the dense arrays is explained by the presence of strong backward mutual
coupling. The authors of [57-62] believe that the combination of the strong mutual
coupling and strong nonuniformity of the amplitude distribution corresponding to
shaping of the necessary contour radiation pattern results in fundamental limita-
tions in the radiation efficiency of the dense array as a whole.

To draw a general conclusion on the highest achievable level of the radiation
efficiency of dense arrays shaping the contour radiation patterns, let us consider a
model in the form of an infinite two-dimensionally periodic array. This model is
convenient for two reasons. First, a contour pattern is formed at an amplitude dis-
tribution tapered to the array aperture edges. The edge effect in this case is weaker
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than that in the case of a uniform distribution, and therefore the infinite array
model will be more accurate. Second, as will be shown next, such a model allows
us to obtain results in the explicit form that makes them more attractive for the
subsequent analysis.

Let the radiators arranged in the infinite two-dimensionally periodic array with
small spacings a and b along the axes x and y, respectively (Figure 1.7), be excited
by the signals having nonidentical amplitudes A,,,,. Assuming that the radiators are
fed through single-mode lines, we can determine the amplitude of the wave reflected
from the pqth radiator input as

¥ X
R[)q = a aAmnCp—m,q—n (1C1)
m=-¥n=-¥
where
1 * 7 A A
Coman=7 300 R(U,V)e'P-mUla-nV quygv (1C.2)
T -z

is the coefficient of coupling between the pgth and mnth radiators determined by
the reflection coefficient R(U,V) depending on controlling phases U and V in the
array excited with uniform amplitude distribution [6, 7]. Let the amplitudes A,,,, of
the array excitation be determined by formula (1.65), where the shape of the region
Warranged inside the visible space is assumed to be arbitrary and the array lattice
is assumed to be rectangular for simplicity. Then, substituting (1.65) and (1C.2) in
(1C.1), using the properties (1.66) and (1.67), and integrating over U and V, we

obtain
Rpq =00 R(kau, kby)e™@+baV) 4y, 4y, (1C.3)
w
Since u? + v* <1 for (u,v) TW, the controlling phase values U = kau and V = kbv

correspond to the presence of the main lobe in the visible space. If the radiators in
this case are ideally matched at the uniform amplitude distribution [6, 7, 16] (i.e.,
R(U, V) =0), the expression (1C.3) gives zero amplitudes of the reflected waves that
already corresponds to the 100% array efficiency.

In general case, if the radiators are not matched ideally at the uniform ampli-
tude distribution, the array efficiency at the nonuniform excitation can be calcu-
lated by [7, 63]:

¥ ¥
o o

prc a a IRyl
_ _1_ D=¥q=-¥
’7'1‘Ifin =1- ¥ qﬁ 5 (1C.4)
A
a aldmwl

m=-¥n=-¥
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Evaluation of the sum standing in the denominator in (1C.4) has already been
considered in Section 1.3.5 when deriving (1.70). Evaluation of the numerator of
fraction in (1C.4) is carried our similarly. As a result, (1C.4) is reduced to

0= Si(‘)b [1- | R (kau, kbv)P dudy (1C.5)

Wy

It is well known that the mismatch efficiency of an infinite array with uniform
amplitude and linear phase distributions is determined by the expression standing
in square brackets in (1C.5). Therefore, the expression (1C.5) shows that the effi-
ciency of the same array but with the nonuniform excitation corresponding to shap-
ing the contour radiation pattern with an arbitrary contour shape is determined by
averaging the mismatch efficiency of the uniformly excited scanning array over the
scan region bounded by the pattern contour.

The results presented here allow us to conclude that if a dense array is well
matched and therefore has high mismatch efficiency at the uniform amplitude and
linear phase distribution corresponding to scanning in the region coinciding with
the region covered by a sector or contour radiation pattern, then the array radia-
tion efficiency will remain high also at the nonuniform excitation corresponding to
shaping the indicated sector or contour patterns. So, the strong mutual coupling in
a dense array shaping a contour pattern brings nothing exclusive compared to the
case of scanning array with uniform excitation.

The expressions (1C.3) and (1C.5) also allow us to draw a conclusion about
the highest possible level of the array efficiency. As proved in [16], an infinite dense
phased array antenna with uniform excitation can theoretically be ideally matched
for all scan angles (i.e., the reflection coefficient will be equal to zero when scanning
in the whole visible space). That means that a contour radiation pattern in such an
array of ideally matched radiators can be shaped with 100% efficiency, and there-
fore the presence of the mutual coupling itself is not an obstacle for that.

Similar results for dense one-dimensionally periodic arrays shaping sector ra-
diation patterns have been obtained in [28, 29].
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2.1 Overview of Technical Solutions

The most general approach to forming overlapped subarrays with sector radiation
patterns has been formulated in [1]. This approach applies passive multiport beam-
forming networks arranged between control devices (e.g., phase shifters) and radi-
ating elements as schematically shown in Figure 2.1. The controlled array inputs in
this variant are arranged with spacing close to its maximum value corresponding
to a specified scan sector and connected to the radiators via a network to form
overlapped subarrays. Each array cell corresponding to one controlled input in this
case can contain either a few single-mode radiators, as shown in Figure 2.1, or one
multimode radiator, while the network itself forms amplitude distributions over the
subarrays corresponding to the sector radiation patterns.

At present, there exist a lot of various technical solutions proposed in the frame-
work of the beam-forming network approach. The most demonstrative versions of
them are briefly described next, and some other are mentioned in the references.

2.1.1 Arrays Based on Butler Matrices

An example of the network forming completely overlapped subarrays with aper-
ture dimension equal to that of the whole array aperture is the Shelton’s network
[2] consisting of two cascaded Butler matrices, as shown in Figure 2.2. The lower
matrix with controlled inputs has dimension M~ M, where M is the number of con-
trols coinciding with the number of subarrays. All the M output ports of this matrix
are connected to the M inputs of the upper matrix of dimension N~ N, where N is
the number of radiating elements exceeding M. All the other N - M inputs of the
upper matrix are not used.

When the signal comes to one of the array inputs (solid arrow in Figure 2.2), it
is distributed over outputs of the lower matrix with uniform amplitude and linear

YYYWYYYYYWW

Beam-forming network

ERER

Figure 2.1 General block-diagram of array with a beam-forming network.
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P

Figure 2.2 Network on the basis of two Butler matrices for forming totally overlapped subarrays.

phase distributions. The arrival of the signal to one input of the upper matrix re-
sults in the formation of an array beam definitely arranged in the space with respect
to the array broadside. The excitation of the M inputs in the upper matrix results
in the formation of a fan of the beams filling in the specified sector, thereby shaping
the required sector subarray radiation pattern. The amplitude distribution over the
subarray aperture of sinx/x type is shown in Figure 2.2 by a solid line. Excitation
of an adjacent array input (dashed arrow in Figure 2.2) results in the formation of
a similar amplitude distribution over the aperture but shifted at one period, with
which the subarrays are formed, as shown in Figure 2.2 by a dashed line.

Since each Butler matrix accomplishes the discrete Fourier transform of the in-
put signals, such networks are called dual-transform ones. The multi-element Butler
matrices and similar matrices are very bulky, even for linear array antennas. For this
reason, an alternative approach to the realization of the networks providing dual
transformation of the input signals is the replacement of the upper matrix by a lens or
a reflector illuminated via the free space by radiators connected to the output ports of
the lower matrix. Design of such a hybrid antenna has been considered in [3]. Refer-
ences to other works where such an approach are applied can be found in [4].

2.1.2 Network of . T. Nemit

One of the first simple approaches to reduction of the number of phase shifters in the
arrays designed for scanning in a small sector is development and application of the
network providing interpolation of the phase distributions over the array aperture
[4-6]. As a demonstrative example, let us consider the network proposed by J. T. Ne-
mit in [6]. A linear array utilizing Nemit’s network is shown in Figure 2.3. The array
comprises main radiators controlled directly by their phase shifters and intermediate
radiators excited by the sum signals coming from the neighbor phase shifters via power
dividers and hybrid devices. Each subarray with such a network overlaps one array
period and a half. The network provides exact linear interpolation of the phase of the
signal in the intermediate radiators. As shown in [7] for linear arrays and in [8] for
planar arrays, an appropriate choice of the power divider parameters in the network
allows suppression of the array factor grating lobes to a sufficiently low level when
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Figure 2.3 Network of |. T. Nemit.

scanning the main lobe in the specified sector. This provides almost constant array
directivity in the scan sector. However, the amplitudes of the signals in the intermedi-
ate radiators decrease with deflection of the main lobe from the broadside because a
part of the power coming to the hybrid devices is dissipated in the loads connected
to the difference ports of the hybrids. The loss of the power in the hybrids results in
rapid reduction of the array gain with deflecting the main lobe from the broadside,
and therefore the subarray radiation pattern does not have the sector shape.

A modification of Nemit’s network has been proposed in [9], where the signals
from the different ports of the hybrids pass through 7-manipulators introduced in
the network and come to additional radiators. This solution improves the array
performance at the expense of using additional controlled devices, though they are
the simplest ones.

One more technical solution providing similar subarray overlap and therefore
similar radiation characteristics has been proposed in [10] and considered in some
detail in [11].

2.1.3 Network of R. J. Mailloux and P. R. Franchi

One of the successful technical solutions obtained in the area of arrays with beam-
forming networks is the array network proposed in [12]. This network, whose ca-
pabilities have been studied in [13, 14], is shown in Figure 2.4. The array consists of
horn elements with dual-mode sections excited through power dividers and direc-
tional couplers. The subarray corresponding to one controlled array input consists
here of three horns. Excitation of the subarray input results in excitation of the even

4

Figure 2.4 Network of R. J. Mailloux and P. R. Franchi: (1) horn radiators, (2) dual-mode sections,
(3) directional couplers, and (4) power dividers.
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dominant mode in the central subarray horn, as well as of both even and odd modes
in the two lateral subarray horns. The optimum amplitude relation of the even and
odd modes is determined by the directional coupler parameters, while the optimum
phase difference with which the two modes come to the horn aperture is provided
by the appropriate horn length.

This relatively simple network provides suppression of grating lobes down to
-15 dB when scanning the main lobe in the sector of width equal approximately
to 0.8 of the width corresponding to the appropriate ideal sector element pattern.
Since the subarray includes only three array cells, its capabilities of shaping the
sector patterns of higher quality are limited. For this reason, additional means for
stronger suppression of the grating lobes have been proposed in [15] in the form of
spatial filters studied in [16, 17]. The spatial filters make the array more bulky. Ap-
plication of the network is also limited by the radiator type since the network has
been developed only for waveguide-horn elements.

2.1.4 Network of R. F. Frazita, A. R. Lopez, and R. J. Giannini

One of the modifications of the technical solution proposed by R. E Frazita, A. R.
Lopez, and R. J. Giannini in [18] is shown Figure 2.5(a). The advantage of the
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Figure 2.5 (a) Network of R. F. Frazita, A. R. Lopez, and R. ]. Giannini, and (b) its subarray
factor magnitude for b = 2.25A.
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network is the simplicity with which the overlapped subarrays are realized with the
apertures equal to the aperture of the array as a whole. In other words, the network
allows forming completely overlapped subarrays. Due to that feature, very steep
slopes of the sector subarray pattern can be provided. This, as the authors under-
line, is especially important for the aerodrome landing systems, where the radar
beam must be driven very close to the Earth’s surface without any influence of the
latter. However, the network has some limitations. It can be shown that its subarray
factor is determined by formula

_ig+te’™ s igtte iy
FJ(U)—WEZ +W€ ! (21)

where U = kbsin®, b is the array period (subarray spacing), 6 is the angle measured
from the broadside, g is the coefficient of coupling between the cross ports in the
directional couplers, and ¢ = exp[(- & +iy)b] is the transmission coefficient between
the adjacent cells over the transmission line having attenuation coefficient o and
propagation constant ¥. The electric length of the line between adjacent cells must
be such that yb =27n + /2, where » is a natural number.

The shape of the normalized magnitude of the subarray factor (2.1) correspond-
ing to the condition indicated earlier at &« = 0 and g = 0.75 is presented in Figure
2.5(b) by solid curve. As we see, the subarray factor (2.1) has a dip near the ideal
scan sector edge, and this feature reduces the useful sector width by about 20%
with respect to its theoretical maximum.

Furthermore, since the subarray radiators are excited in series (like in frequency-
scanning array antennas), the subarray pattern shape strongly depends on frequency
[19], and larger array periods cause stronger dependence. An example character-
izing the subarray factor shape distortion due to changing the frequency is shown in
Figure 2.5(b) by the dashed curve obtained for b =2.254, y=k, and 5% frequency
shift.

To widen the operating frequency band of the arrays utilizing the networks [18],
Wheeler [20] and Lopez [21] have proposed their solutions, shown in Figure 2.6(a, b),
respectively. These networks, however, are more complex and bulky. According to
the proposed solutions, the SU Author’s Certificates [22, 23] were offered.

2.1.5 Network of E. C. DuFort

One more approach to designing the networks for forming the overlapped subar-
rays has been proposed by E. C. DuFort in [24] and considered in more detail in
[25]. In a general case, this approach allows the construction of subarrays with an
arbitrary degree of overlapping and therefore possesses good capability on con-
trolling the quality of the sector subarray pattern shape. However, that capability
is provided at the expense of using a large number of directional couplers and a
rather complicated network configuration. The simplest of the proposed networks
where, like in [12], each subarray comprises three array cells, is shown in Figure
2.7(a). Each module corresponding to one phase shifter in this network contains a
three-channel power divider using two directional couplers, a crossover providing
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Figure 2.6 Networks of (a) H. A. Wheeler and (b) A. R. Lopez.

connection with adjacent modules, and three directional couplers connected to
three radiators, with the central one being provided with a fixed phase shifter. The
realization of such a network on the basis of microstrip technology has been con-
sidered in [25]. The subarray factor corresponding to optimum parameters of the
network determined in [26] is shown in Figure 2.7(b). One more subarray network
also comprising three array cells, but with four radiators within one cell, has re-
cently been proposed and studied in [27, 28].

2.2 Multicascaded Chessboard Network

An array network, which to a definite degree is free of the restrictions inherent to
the technical solutions considered earlier, has been proposed in [29]. This array,
shown in Figure 2.8, is a periodic modular structure with period a. Each module
(or cell) comprises two radiators arranged with spacing a/2 apart. The type of the
radiators that are assumed to be identical can be arbitrary. The radiators are excited
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Figure 2.7 (a) Simplest networks of E. C. Dufort and (b) its subarray factor where U = kbsiné.

through symmetrical two-channel power dividers and, in general case, N 3 1 cas-
cades of directional couplers. Each cascade contains one row of couplers arranged
between the modules and one more row of couplers arranged in the modules them-
selves. The arrangement of the directional couplers resembles a chessboard, and
for this reason, the network is called chessboard one for brevity. The lengths of the
transmitting lines situated at the same level are assumed to be identical. Excitation
of each array input results in forming amplitude distributions (subarrays) embrac-
ing 2N + 1 cells.

2.2.1 Analysis of the Radiation Characteristics

The analysis of the array radiation characteristics is carried out next in the assump-
tion that all the power dividers and directional couplers included in the chessboard
network are ideal. The radiation pattern of the subarray corresponding to excita-
tion of the central array input can be written in the form
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Figure 2.8 Multicascaded chessboard network.
F(g,U) = {(U)M(q,U) (2.2)

where f(U) is the radiation pattern of the array radiator,

2N+
M(q,U) =2 é A, cos%

n=1

(2.3)

is the subarray factor written to account for the symmetry of the network and am-
plitude distribution with respect to the excited input, U = kasin®, 6 is the observa-
tion angle measured from the aperture broadside, A,, is the complex amplitude of
the signal at the input of the nth array radiator, and g = (g4, ..., ¢>N) is the vector
of the coefficients of coupling between the cross ports of the directional couplers
numbered from the power dividers to the radiators.

In the simplest case of one cascade (when N = 1), the amplitudes of the signals
in the subarray radiators are determined by formulas

i (P2t iqy)
Ale 1(\2/z 2).|.

i
_ i lqip2 )
A=A (2.4)
2 \/5 ?/
. T
143 - Al q192 i

2 b

where A’ is the amplitude of the signal at the subarray input, while g, , are coef-
ficients of coupling between the cross ports in the directional couplers of the first

_ | 2
and second rows, and p; , = 1-4q,.
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For the case of N > 1, formulas for the amplitudes A,, become too bulky, and,
for this reason, we will merely present the algorithm for their calculation. Let
AU1 be the amplitude of the signal at the nth output of the (m — 1)th cascade
(Figure 2.8), with A=) =0 for n 3 2m. Then the amplitudes of the signals at the
outputs of the (2m — 1) couplers will be determined by formulas

_ ), 1 .
Byn1 = Pam 1 ASyt *idam 1 ATy Y 1u
— -1 -1 — ,
an - lqzm_ 1A(272_ 1) +p2m_ 1A(2}';Z ), n — 1,2,...,17’1,)_/ (2'5)
B,=0, n>2m !
p
and the amplitudes of the signals at the outputs of the 2mth couplers and therefore
at the outputs of the mth cascade are

AYn) = (PZm + Zqu)Bl
AV = 5By + i3, Boit

A(ZVZl-l = iqlmBZn + pZmBZnﬂs n=12,..,m

(2.6)

TR

So, supposing that Aél) = A" /42 and using the recurring relations (2.5) and
(2.6), one can easily calculate the amplitudes A, = AN of the signals at the radiators
to use them subsequently for calculating the subarray factor (2.3).

To reveal some properties of the subarray factor that will be taken into ac-
count when formulating the problem of synthesis, let us derive one more repre-
sentation for it. Let us consider the quasi-periodic excitation at which the signals
come to the array inputs with complex amplitudes A’exp(imY ), where m = 0,
+1, ... is the number of the input and Y is the phase difference for the signals
at adjacent inputs. The array factor corresponding to the indicated excitation is
determined by

¥
My(q,U,Y) = [Al(Y)e'V/* + A, (Y)e U4 § Y-V

m=-¥

o

=27[Ai(Y)e'V* + A (Y)e U4 & S(Y - U - 2m)

m=-¥

where A; and A, are complex amplitudes of the signals at the left and right radia-
tors, respectively, in the central cell of number 0, and §(x) is the delta function.

Since the subarray factor relates to the factor of the infinite periodic array in the
same manner as the currents in the central cell at the aperiodic excitation relate by
formula (1.33) to the currents in the same cell corresponding to the quasi-periodic
excitation, then

2r

Miq,U)=-— OM,(q,U,Y )Y
0
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Substituting (2.7) in this formula, we obtain

Mi(q,U) = A/(U)e'V"* + A (U)e V4 (2.8)
Using (2.8) and taking into account relations
AU +[A,U) = (A7)
AQr-U)=A(-U)=A
A,2r- U)= A,(-U) = A(U)

resulting from the energy conservation law as well as from the array periodicity and
symmetry, we can obtain that
Mig,U)" +Mig, 27 - U)* =2(A)? (2.9)
The relation (2.9) shows that the radiated power from each point of the region
7 <|Ul < 2z will change for the corresponding point of the region 0 < |Ul < & and
back with changing the parameters of the directional couplers so that the total radi-
ated power in the indicated regions will remain constant.

2.2.2 Statement and Solution of the Synthesis Problem

The properties of the subarray factor revealed earlier allow us to set the problem
of synthesis of the sector subarray radiation patterns as a problem of searching for
such values of the coupler parameters g,,, at which the objective function

Pla) = M(g.U)} dU (2.10)
0

achieves its maximum value.

Solution of the previous problem set will automatically provide minimization
of the power radiated in the region 7 < |Ul < 2. Substituting (2.3) in (2.10) and ac-
complishing a simple operation, we obtain the following expression for calculation
of the objective function

2N+12N+1

o 7 ésin(m- n)w/2  sinm+n- 1)m/20
P(g)=2 XX, +Y,Y, + 7 2.11
@ ma;1 na=.l ( )8 (m- n)m/2 (m+n-1)m/2 Y 2.11)

where X, and Y,, are respectively real and imaginary parts of the complex ampli-
tudes A,, calculated according to the algorithm given earlier including formulas
(2.5) and (2.6).

~ The results of maximization of function (2.11) for N=1, 2, 3, and 4 obtained at
A’ =1/4/2 using the method of deformable polyhedron [30] are presented in Table
2.1, while the plots of the subarray factor magnitude corresponding to the optimum
values for the coupler parameters g,, are shown in Figure 2.9(a). For convenience of
their distinction, the curves are successively shifted downward with step 0.2. The
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Table 2.1 Values of the Directional Coupler Parameters Providing Maximum of Objective
Function (2.10) for N=1, 2, 3, and 4

N P q1 q2 q3 94 as d6 q7 qs
1 0.921 0.438 0.740 — — — — — —
2 0.950 0.455 0.971 0.714 0.631 — — — —
3 0.963 0.440 0.989 0.789 0.952 0.767 0.569 — —
4 0.971 0.428 0.994 0.802 0.982 0.872 0.942 0.783 0.531

values of g,, indicated in the table provide radiation of 92.1%, 95.0%, 96.3%, and
97.1% of power in the ideal sector for the indicated numbers of the cascades, respec-
tively. The sidelobe level of the subarray factor does not exceed =15.4 dB, -17.1 dB,
-18.8 dB, and —19.8 dB, respectively. As noted in [29], the sidelobe level at another
statement of the synthesis problem can be made even lower at the expense of slight
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Figure 2.9 (a) Subarray factor for optimized 1-, 2-, 3-, and 4-cascaded chessboard network and
(b) single-cascaded subarray pattern (2.2) with f(U) = 4sin(U/4)/U for a = 4A.
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worsening of the sector beam shape. Such an option has been realized in [31] for
N =1 and 3, as well as in [32] for N = 2 and 4. Furthermore, the sidelobe level is
additionally reduced because of the slope of the radiator pattern itself.

Note that the subarray factor (2.3) is a periodic function of sin@ with period 2A/a.
Therefore, the secondary sector lobes can be present in the visible space together
with the main sector beam at sufficiently large values of the array period a. How-
ever, the secondary lobes are suppressed to some degree by the radiation pattern
f(U) of the array radiator. An example of this is shown in Figure 2.9(b), where
the subarray pattern (2.2) corresponding to optimum parameters g, for N = 1 and
flU) = 4sin(U/4)/U, which corresponds to a uniformly excited aperture of width 2A.
Even more efficient suppression of the secondary sector lobes can be provided by
means of repeated application of the chessboard network but with period equal to
half the initial one. Such a doubled single-cascaded chessboard network is shown in
Figure 2.10. The secondary sector lobes nearest to the main beam in this case are sit-
uated just in the low sidelobe region of the upper level subarray radiation pattern.

As it was mentioned in [33], the chessboard network was realized using the
microstrip elements for scanning in a limited sector in one plane. This technology
seems to be most convenient for realization of the network for limited scan in both
principal planes. An example of such array architecture is shown in Figure 2.11.

The results of the chessboard network parameter optimization demonstrate
good capabilities of the chessboard network for shaping sector subarray radia-
tion patterns. Comparing this network to the other technical solutions described
earlier, we can note the following features. Application of N coupler cascades in
the chessboard network allows the formation of overlapped subarrays, including
2N + 1 array cells. The single-cascaded chessboard network resembles the network
[12] shown in Figure 2.4. However, it possesses greater capabilities than [12] does
because it allows using radiators of arbitrary type, not only the horns used in [12].
Furthermore, it is more capable than [12] of improving the quality of the sector pat-
terns, since it allows the use of a greater number of cascades for forming subarrays
of larger aperture, thereby with steeper slopes of the sector patterns.

Unlike the network [18] [Figure 2.5(a)] with excitation of the array radiators in
series, the subarray radiators in the chessboard network are fed in parallel, which
makes it more wideband than the network [18]. The subarrays formed in the net-
works [20, 21] involve radiators of five modules. This is done with using eight di-
rectional couplers and one divider per one module in the former network and eight
couplers per one module in the latter one. The subarrays involving radiators of five

g

Figure 2.10 A doubled single-cascaded chessboard network.
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Figure 2.11 Architecture of an array with single-cascaded chessboard network for limited-scan in
both principal planes.

modules in the chessboard network are formed using two cascades of directional
couplers. Such a dual-cascaded chessboard network has been separately proposed
in [34]. The network uses four couplers and one divider per one module (i.e., it is
considerably simpler than the networks shown in Figure 2.6). Moreover, all the
subarray radiators are excited in the chessboard network, while only 6 radiators of
10 are excited in the networks [20, 21].

All other things being equal, the chessboard network is also simpler than the
network proposed in [24]. For instance, the simplest modification of the latter con-
tains one three-channel divider, one crossover, and three couplers per one array
module. The single-cascaded chessboard network uses only two couplers and a
simpler power divider per one module. In the general case of forming overlapped
subarrays involving radiators of 2N + 1 modules, the chessboard network uses N + 1/2
times less directional couplers than those used in the modules of network [24].

2.3 Experimental Study of the Chessboard Network

The single-cascaded chessboard network has been realized in an experimental
breadboard of a K -band array of rectangular waveguides arranged in the nodes of
a rectangular lattice, as shown in Figure 2.12(a). The array has been designed (see
[35, 36]) for providing wide-angle scanning in the E-plane, where the waveguide
width can be chosen to be sufficiently small, and for scanning in a limited sector of
+17° in the H-plane using the single-cascaded chessboard network.

The directional couplers in the breadboard are performed in the form of dou-
bled slots, as shown in Figure 2.12(b). The widths of the slots and spacing between
them have been chosen as a result of a numerical experiment to provide the neces-
sary values for the cross coupling coefficients in the directional couplers at their
almost ideal match at a specified frequency. The slots in the waveguide walls are
also used for matching the power dividers as well as the waveguide array aperture
to free space. Determination of the geometrical parameters for structure elements
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(b)

Figure 2.12 (a) The waveguide array breadboard and (b) cross-section of its central plate in the
H-plane.

has been performed with using the method of mode-matching at the boundaries of
the partial regions [37]. Since the dividers and couplers have been assumed to be
separately well matched, the distances between them are chosen from the condition
of providing their negligible interaction over evanescent higher-order modes.

The design of the array shown in Figure 2.12(a) is an assemblage of H-plane
corrugated plates made of brass by the method of milling. The geometry corre-
sponding to the chessboard network shown in Figure 2.12(b) has been realized only
in the central plate. All the other plates serving for imitation of operating the ex-
cited elements in the array surrounding only have slots matching the array aperture
to free space. The corrugated plates of 1-mm thickness with fins of 0.4-mm thick-
ness forming an aggregate of waveguide channels of cross-section 6.1~ 3.4 mm?
are added with two outer steel plates. All the plates are tightened by six screws
arranged at the side edges. Each outer plate is provided with four screws used for
pressing the assemblage in the central region and thereby for providing good con-
tacts between the adjoining surfaces of the inner plates. The central plate together
with its cover is terminated at the rear side by a flange with five waveguide inputs
of standard cross-section 7.2~ 3.4 mm?.

When measuring the radiation pattern, the array was installed on a rotating
table so that the rotation axis passed in the array aperture plane to exclude the
parallax. The signal from a generator also installed on the table came to one of the
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Figure 2.13 Measured array radiation patterns in the H-plane at excitation of the central input at
(a) 32 GHz, (b) central input at 31.5 and 32.5 GHz, and (c) left and right outer inputs at 32 GHz.
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array inputs. All the other inputs and all the waveguide channels formed in the lat-
eral corrugated plates were terminated with matching loads. The radiated field was
received by a horn antenna arranged in the far zone of the array. The signal from
the horn came to a receiver via an attenuator and further to a plotter. The angle of
rotation was measured by the rotating table scale, while the received signal level
was measured by the attenuator table.

The measured array radiation pattern at the frequency 32 GHz corresponding
to the excitation of the central input is presented in Figure 2.13(a). The sinus of its
half-width at the levels of —1.5 dB and —10 dB is equal to 0.326 and 0.46, respec-
tively, or 0.904 and 1.3 of the half-width A/(2a) corresponding to the ideal sector
element pattern. The appropriate data 0.9 and 1.26 resulting from Figure 2.9(a) are
close to the measured results indicated earlier.

Figure 2.13(b) represents the radiation patterns, corresponding to the central
input, measured at the frequencies 31.5 and 32.5 GHz (i.e., at deviation of fre-
quency by £1.56% from the central value of 32 GHz). The results show that the
sector shape of the pattern is kept well in the indicated frequency band.

The study of how the array edges influence the subarray pattern shape was per-
formed by measurement of the array radiation pattern at successive excitation of
the lateral array inputs. The pattern measurements corresponding to excitation of
the left and right inputs nearest to the central one have shown that the patterns dif-
fer from the pattern corresponding to the central input [Figure 2.13(a)] very weakly.
This is explained by the fact that the three-cell subarrays have not been truncated by
the array edges. Though the edges are closer for them than for the central subarray,
their influence on the subarray pattern shape is still weak due to the tapered subar-
ray amplitude distributions. The subarrays corresponding to the edge array inputs
become nonsymmetrical and include only two cells each. As we can see from Figure
2.13(c), this feature results in significant distortion of the pattern shape compared
to the cases of excitation of the inner inputs.

Together with the radiation pattern, the measurements of the voltage stand-
ing wave ratio (VSWR) corresponding to excitation of different array inputs were
performed. The measurements have shown that the VSWR varies in the limits from
1.07 to 1.8 in the frequency band from 31.5 to 32.5 GHz. The measured values
have turned out to be slightly higher than the calculated data. This seems to be ex-
plained by some inaccurateness in fabrication of the breadboard.

2.4 A Linear Array with Chessboard Network as a Feed

of a Parabolic Cylindrical Antenna

Some radio systems, such as, for instance, aerodrome and sea port radars [38], as
well as automotive radars [39, 40] require application of antennas performing elec-
trical scanning of narrow beam in a limited sector in one plane only. The indicated
systems can be constructed on the basis of hybrid antennas, where the beam steer-
ing is provided by a linear or arc array, while the required narrow beam is formed
by a reflector or a lens. One of the possible reflector types used in the hybrid anten-
nas is a focuser [41] capable of transforming a plane wave into a line of finite size.
The indicated focal line serves as a place for arranging an array of feeds. However,



2.4 A Linear Array with Chessboard Network as a Feed of a Parabolic Cylindrical Antenna 71

the studies of such antennas in [42, 43] have shown that they are considerably
inferior to the parabolic cylindrical antennas of the same aperture dimension in
scanning performance because of arising and increasing phase errors when deflect-
ing the beam from the broadside. A way of eliminating the indicated flaw has been
proposed in [44]. This way uses a reflector-focuser of increased dimensions where
a region of effective illumination corresponding to a definite beam position moves
over the reflector to scan the beam.

The suggestion of using the focusers in [42—-44] has been motivated by the fact
that they allow a reduction of the size of the array feed and the number of radiating
elements in the latter in comparison to those in the parabolic cylindrical antennas.
Actually, the array dimension in the parabolic cylindrical antennas (e.g., described
in [45-47]) is close to the dimension of the reflector itself, and the array element
spacing is chosen to prevent arising of the array factor grating lobes in the visible
space when scanning the main lobe in the specified sector. In [47], where the design
of a cylindrical antenna for investigation of the space radio sources is described in
detail, the array element spacing is d = 0.7, while the maximum angle of beam
deflection from the broadside is 6,, = 21.3°. The maximum admissible spacing for
such a scan sector is d,, = 0.5A/sin6,, » 1.376 A, and therefore the array element use
factor in the antenna of [47] is d,,/d » 1.97.

The example presented earlier together with other examples given in [42-44]
justify the motivation of the indicated works on the creation of hybrid antennas
with a compact feed array containing a smaller number of the elements compared
to those in the arrays usually used for illumination of the parabolic cylindrical
reflector. However, neither indicated works nor other publications mentioning the
parabolic cylindrical antennas consider the situation when the ordinary feed array
is replaced by an array with minimum number of elements shaping sector radia-
tion patterns of width equal to the width of the scan sector. Such an antenna is
considered next from the viewpoint of its achievable radiation characteristics, since
the parabolic cylinder has a simpler shape and smaller dimensions compared to a
reflector of double curvature in [44] (i.e., the parabolic cylindrical antenna remains
attractive from the viewpoint of its simple design).

2.4.1 Formulation of the Problem

Let us consider a parabolic cylindrical reflector antenna shown in Figure 2.14. The
reflector surface in the Cartesian coordinate system Oxyz is given by formulas

SL /2ExEL_/2
5 2f (2.12)

= + =
ply)=+y" +z 1+ cosy

where L, is the horizontal reflector dimension, f is the focal distance, and
v, £ w£ y, is the angle measured from the negative hemi-axis z. The antenna
aperture height is determined by

Ly =p(y,)siny, - p(y] )siny, (2.13)
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Figure 2.14 Geometry of the parabolic cylindrical antenna: (a) side view and (b) view from the
top.

The reflector is illuminated by a linear array arranged over the focal line coin-
ciding with the x-axis. Radiators of various types may be used as the array elements.
Thus, for example, the reflector in [38] is illuminated from the slots cut through
in the narrow wall of a meander waveguide of rectangular cross-section. Electric
dipoles have been used in antenna [47]. In our model, we will assume that the array
of element spacing d is formed by the open-ended rectangular waveguides of width
a £ d/2 (along the x-axis) and height b. The array aperture broadside is directed at
angle y; from the negative semi-axis z.
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I TR

Figure 2.15 Linear array with single-cascaded chessboard network.

We will assume further that the waveguides are excited through a single-
cascaded chessboard network shown in Figure 2.15. Excitation of one controlled
array input by a signal of unit amplitude results in forming a subarray of six ra-
diators with a symmetrical distribution of amplitudes, which, instead of (2.4) for
convenience of the further actions, we write as

B, = pi(p2 tiqa)

N

B, =’?}§2 (2.14)
B3 - _ 9192

V2

where the optimum values of the coupler parameters g; = 0.438 and ¢, = 0.74 are
taken from Table 2.1.

Let the array consist of M subarrays, and their inputs be excited by signals with
amplitudes A,}, and phases (m - 1)U, where 1 £ m £ M, U = kdsin, k = 27/A, and
0, is the angle of the beam deflection from the broadside. Then the distribution of
the amplitudes over the waveguides, the total number of which is N =2M + 4, will
be determined by formulas

Ay = AlB;
Ay = AlBy
Aper = (A e 2UBy + Al 'UBy + A, B3)e™U (2.15)
Az =(AL e 2UBy + AL UBy + Al | By)e™U
An.1= AleM-1Up)
Ay = Al M-IV,
where the amplitudes A}y and Aj;,; at the inputs are assumed to be zero.

The electric field strength in the far zone of the antenna can be determined by
the well-known formula (see, for instance, [45]):
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. ikr
Er,6,0) = ¥ Fi.0) (2.16)
4rr
where
N
F(O,0)= & Aull, - (I, %,)e, ] (2.17)
n=1

is the complex radiation pattern of the antenna as a whole,

Le/2 v
N N - ik(r d d ¢
L0,9)= O OJnlrge ™ W% (2.18)
L2 cos(y

where J,,(r9 is the surface density of the current induced on the reflector when excit-
ing the nth waveguide by the wave of unit amplitude,

e, = ey sinfcos@ + ey sinfsing + e, cosd

is the unit vector directed to the observation point characterized by angles 6 and ¢
measured from the axes z and x, respectively, 7¢= e,x ¢+ e,y ¢+ e 2 Cis the vector of
the integration point on the cylinder, y ¢= psiny, z¢=- pcosy, while p is determined
by formula (2.12).

According to the physical optics approximation, the current density in (2.18) is
determined by formula J,, = 2[n~ H,,], where

n(r§ =-e,sin(y/2)+e, cos(y/2)

is the unit vector of the normal to the cylinder surface, and H,,(r¢ is the magnetic
field strength from the nth waveguide in the point on the cylinder surface. To cal-
culate this field, we will assume that the waveguide is excited in the H;, mode of
horizontal polarization yielding the following aperture distribution

; . +b/2
E., =-Hyn, smiﬂ(yﬂ;b )
(yg+b12) (2:19)
i . .. T
Hi, = -HoysmyT

where H, is the unit strength of the magnetic field in the aperture center,

7 =+/1- (A/2b)*, while x$ and ygare the axes of the rectangular Cartesian coordi-
nate system with the origin placed in the center of the waveguide aperture (Figure
2.14). Note, that the maximum admissible period of an array designed for scanning
in a small sector may be rather large (d,,, > 1.4A for 6,, £ 20°). As it will be indicated
next, the vertical dimension of the waveguide aperture will also be large enough
(b > A). Calculation of the field radiated from the open end of such a waveguide
may be performed by the Huygens-Kirchhoff method with using the undistorted
field (2.19) of the incident wave and neglecting the mutual coupling between the
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waveguides [48]. As a result, we obtain the following expressions for the current
density components on the cylinder:

Jux(r@ = P (s, 0)[(1 - Urzz +Ywy)cos(Wo - W/ 2)+(w, +7)v,sin(yg - y/2)]
Juy(r® = - Ey (st vy )t cos(y /2) (2.20)
Jnz(r@ = F (%5 U )0y SIN(Y [ 2)
where
B kab ikrg
Fn(unavn)zHO%Fn(unavn)

sin(kau/2)  cos(kbv/2)
kaul2 (m/2)* - (kbv/2)*

u, =xg/vhv, =yglnhw, =z8/n8

nE= p2 +x;f, x$=x¢C x,

y# = - ylosy - zG&iny

= yGiny, - z@osy,,

Ey(u,v) =

and x,, is the coordinate of the nth waveguide aperture center.
To calculate the integral (2.18), we represent it in a more convenient form

Le/2 w2

L6,9)= O Ofree* %P dydx (2.21)
-Le/2y
where
jlrg=7J,(rde *n8/ cos(y/2)
and

D(r¢o0,p) = rg- (r&v)

and then we apply the Ludwig’s method [49].
After calculating the radiation pattern (2.17), we calculate the antenna gain

kK2n
G(6 F(6, 2.22
6,9) = 8Pl‘ 6,9)’ (2.22)
where
i _imgHgab X o
pr= T g |y
n=1

is the total power delivered to the waveguide apertures.
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2.4.2 Highest Possible Antenna Gain

It is often useful to compare calculated or measured results obtained when studying
of that of another antenna to its highest achievable characteristics. To obtain such
characteristics for our parabolic cylindrical antenna, let us consider its model in the
form of an infinite linear array of period d illuminating an infinite parabolic cylin-
der in the horizontal plane. The aperture dimension of the cylinder in the vertical
plane is L;. Since the aperture area allotted to one array cell in such antenna is L,d,
the highest achievable array element gain when scanning will be equal to

G = 4rL,d

e,m 2

cos6 (2.23)

where angle 6 is measured from the normal to the aperture (the z-axis in Figure
2.14). Accounting for the relation between the ideal sector element pattern width
26,, with the array period d given earlier in the introduction to the present section,
we can rewrite (2.23) as

2L,

e = Asin6, cosd (2.24)

with the ideal element gain being equal to zero at 161 >0,,,.

It is of interest to compare the gain (2.24) to the results that can be obtained from
consideration of a vertical uniformly excited linear radiator of length L,. This radia-
tor has an axially symmetrical radiation pattern in the horizontal plane, and its gain is
equal to 2L,/A at L, >> A [45]. If we now distribute the radiated power uniformly over
a horizontal sector of width 26,,, the gain will increase by the factor 27/(26,,) to be

G, =y (2.25)

A6y,

Comparing (2.24) and (2.25), we can conclude that G, ,, ® G,as 6,,® 0, and
moreover

1 %
= OG,..0)d0=G,

m.oQ

that is, the gain of the ideal element in the infinite parabolic cylindrical hybrid
antenna (2.24) averaged over the scan sector equals the axially symmetrical linear
antenna gain multiplied by 7/6,,,.

The simple relations derived in this section will be used next. They may also be
useful when estimating the quality of base station antennas with sector radiation
patterns.

2.4.3 Results, Comparison, and Discussion

The algorithm described in Section 2.4.1 has been realized in a FORTRAN code,
and the operation of the latter has been tested by calculation of the parabolic cylin-
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drical antenna considered in [47]. In particular, the tests have shown that the results
obtained using the cells of integration of A~ A dimensions in Ludwig’s method
[49] do not differ practically from the results corresponding to the integration cell
dimensions 0.54 " 0.5A. After the testing, a numerical study of the antenna under
consideration has been performed. The results to be discussed next have been ob-
tained for the antenna with parameters y; = 5°, y, = 98°, and v, = 65°, which are
close to the similar antenna parameters in [47]. They also correspond to the recom-
mendations given in [45]. The focal length f = 272 has been chosen to provide the
vertical aperture dimension L, = 57.92 equal to the dimension of the focuser [44].
The vertical dimension of the waveguide aperture chosen to be b = 1.14 provides
a —10 dB level of the illumination on the lower and upper edges of the aperture.
The choice of the array period d has been based on the analysis of the subarray fac-
tor shape [Figure 2.9(a)] for the network shown in Figure 2.15. If it is required to
provide a secondary grating lobe level not higher than —15 dB when scanning the
main lobe in the specified sector - 6,, £ 6 £ 6,,, then d should be taken &» 1.4 times
smaller than the maximum admissible period d,, = 0.5A/sin6,,. For 6,, = 10°, like
in [44], we take d = 2.0564 and neglect the waveguide wall thickness (i.e., assume
that a = d/2).

Let us first consider the influence of the reflector on the radiation pattern of
one subarray by specifying M =1 and N = 6 in (2.15) and (2.16). The normal-
ized radiation patterns of the antenna with L, = 1004 in the horizontal plane at
different horizontal displacement x of the subarray from the coordinate system
origin are presented in Figure 2.16. The antenna patterns are compared to the
subarray pattern in the absence of the cylinder taken in the plane passing over
the x-axis, coordinate origin, and normal to the subarray aperture. Comparing
the pure subarray pattern (curve 4) to the antenna pattern when the subarray is
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Figure 2.16 Normalized radiation pattern in the scan plane of the reflector illuminated by a subar-
ray with d = 2.0564 at different horizontal subarray displacement: (1) x;=0; (2) x;=43.34; (3) x¢=
39.84; and (4) subarray pattern without the reflector.
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arranged in the central position x;= 0 (curve 1), we can note that the visible dif-
ferences take place only in the region of the sidelobes nearest to the side edges of
the cylinder observed from the subarray center at the angle »62°. The displace-
ment of the subarray from the center by x; = 43.34 to the right corresponds to
illumination of the right edge at the angle »10° equal to the maximum antenna
beam deflection. The illumination level in this case is equal to —1 dB. The subarray
pattern (in the presence of the reflector) presented by curve 2 is characterized by
significant distortions on the right side and appearance of oscillations on the flat
top explained by the edge wave interference. The angle of illumination of the left
reflector edge is now greater, and this has led to reduction of the distortions in this
region compared to the previous case. At smaller subarray displacement x;=39.81
corresponding to the illumination angle »15° of the right edge and the illumina-
tion level =5 dB at that edge, the distortions mainly consist in cutting of the right
sidelobes (curve 3). Note, that the negative values of 6 in Figure 2.16 correspond
to the case when @ = 180°.

The results presented in [50] also show that the displacement of the subarray in
the indicated limits does not lead to changing the antenna radiation pattern in the
vertical plane.

Calculation of the antenna gain (2.22) in the aperture broadside direction for
xr =0, xp = 43.34, and x7 = 39.84 yields the values 31.04, 31.88, and 30.92 dB,
respectively, while the highest possible element gain (2.23) equals 31.89 dB. When
accounting for the loss caused by the illumination nonuniformity in the vertical
plane, which we estimate to be »0.35 dB, approximately the same loss for spillover
[49, 51], and the anomalous edge effect for the second case, the presented results
agree well with the highest element gain (2.23). The remaining minor differences
may be attributed to the effect of scattering at the reflector edges that is not taken
into account in the present analysis.

—40 I L L L Ayl

-60 —40 -20 0 20 40 60
Angle, degrees
Figure 2.17 Normalized radiation pattern in the scan plane of the reflector illuminated by a subar-

ray with d = 1.044A at different horizontal subarray displacement: (1) x;=0; (2) x;= 36.24; (3) x;=
28.12; and (4) subarray pattern without the reflector.
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Figure 2.17 represents the subarray patterns in the plane of scan at d =1.0441
chosen according to the reasoning given earlier for the scan sector - 20° £ 6 £ 20°.
The values of the subarray displacements x;= 36.24 and x; = 28.14 correspond
to the right-hand reflector edge illumination at the angles »20° and »30°, respec-
tively. The levels of the edge illumination are the same as those in the previous
case. The results show similar influence of the reflector edges on the element
(subarray) pattern, with the exception of the fact that the oscillation level on the
flat top in this case is lower. The antenna element gain (2.22) in the broadside for
x¢=0,x,=36.24, and x;=28.11 equals 28.10, 28.05, and 28.09 dB, respectively,
with the highest element gain (2.23) being equal to 28.94 dB (i.e., the losses turn
out to be similar to those corresponding to the previous case).

Let now the scanning of a beam having a 1° width at the —-3-dB level (like in
[44]) be required in the sector - 6,, £ 6 £ 6,, in the horizontal plane. The dimension
of the array with uniform amplitude distribution providing the indicated beam
width is »50.76A. If 6,, = 10° and d = 2.0564, the number of controlled elements
(subarrays) will be equal to M =25. Let the outermost subarrays be illuminating the
reflector edges at the angle of 15°. Then the reflector length will be L, = 70A. The
antenna gain in the direction of phasing calculated according to (2.22) is presented
by curve 1 in Figure 2.18.

Similarly to the focuser [44], the antenna gain in the broadside is 45 dB and
drops by 0.8 dB at the sector edge, while the gain reduction in [44] is 2 dB. Since
the maximum gain of the 701" 59.76A aperture is equal to 47.21 dB, the reflector
aperture efficiency is 60%, versus smaller than 25% in [44], where the transverse
focuser dimension is ~2004 and the focal length of the focuser is ~75A. Note also
that the number of controlled elements used in our case is 1.4 times greater than the
theoretical minimum, while the element use factor in [44] is 1.7. If we assume that
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Figure 2.18 Gain of the antenna with d = 2.0561, M = 25, and L, = 70A: (1) at the peak versus scan
angle; (2) in the main lobe region versus observation angle; and (3) in the grating lobe region ver-
sus observation angle. Curves 1/, 2’, and 3’ are similar characteristics for antennas with d = 1.0444,
M =49, and L, = 94A.
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the reflector edges are illuminated at the angle of 10°, then L, = 63A. The antenna
gain in the broadside in this case decreases by 0.01 to 0.03 dB, while the aperture
efficiency increases up to 67%. The gain at the sector edge is 43.95 dB (i.e., by 0.25
dB lower than that for L, = 70A). So, the indicated decrease of the reflector dimen-
sion yields insignificant effect. This effect will be even weaker for tapered amplitude
distributions applied for reduction of the sidelobe level. Figure 2.18 also contains the
antenna radiation pattern in the region of the main lobe arranged at the sector edge,
6y = 10° (curve 2) and in the region of the grating lobe (curve 3).

Similar curves 1¢ 2¢ and 3¢are presented in Figure 2.18 for antenna forming
the beam of the same width but with array period d = 1.0444 corresponding to scan
sector - 20° £ O£ 20°. The number of the controlled elements (subarrays) in this case
is M =49, while the reflector dimension L, = 944 has been calculated from the con-
dition of illuminating the reflector edges at the angle of 30°. The gain reduction at
the scan sector edge is 1 dB (i.e., just 0.2 dB lower than that for the previous case).
However, since the reflector dimension has been increased, the aperture efficiency
got lower and became 45%.

So, the comparison with the focuser antenna shows that the parabolic cylindri-
cal antenna provides somewhat better performance in a specified small scan sector.
Though the dimension of the array with the sector flat-topped element pattern is
larger and the array design is more complex than those of the feed array in the
focuser antenna, it utilizes a smaller number of the controlled elements making the
greatest contribution to the antenna cost. Moreover, the parabolic cylindrical an-
tenna dimension in the plane of scan turns out to be significantly smaller than that
of the focuser antenna (e.g., the cylinder dimension is about one-third of the focuser
one for the scan sector of £10°).

2.5 AQuasioptical Analogs of the Chessboard Network

The tracing of targets in some radio systems designed for observation of space
objects (see, for instance, [52]) is performed by mechanical turning of the antenna
over a wide angular sector combined with electrical beam scanning in a very nar-
row (less than 1°) sector. The narrow sector flat-topped element patterns in such
antennas may be shaped using the network approach described earlier. However,
since the element spacing corresponding to very narrow scan sectors can be doz-
ens of wavelengths, the total length of the transmitting lines connecting the array
radiators to form the overlapped subarrays will be very long, and this can lead to
considerable dissipation losses. In this connection, it is of interest to consider an
alternative method based on using quasioptical networks for excitation of the re-
quired overlapped subarrays. This method, described first in [19], is based on the
fact that semitransparent screens like dielectric plates or wire grids may in some
cases be considered quasioptical analogs of directional couplers. This situation is
illustrated in Figure 2.19. Using this fact, one can construct many quasioptical net-
works for forming the overlapped subarrays consisting of large-aperture reflector
or lens radiators. One of the examples is a linear array of dual-reflector antenna
elements considered in [53].



2.5 Quasioptical Analogs of the Chessboard Network 81

o o

p | [ +ig Re" \i / £iTe”
7l 1o 1///1\\\0

o

p+q = R*+ T2=1

a b

Figure 2.19 Network of a directional coupler (on the left) and its quasioptical analog in the form
of a semi-transparent screen.

2.5.1 Features of the Array Geometry

The array cross-section in the plane of scanning is depicted in Figure 2.20. The ar-
ray whose geometry is assumed to be independent of z is constructed as follows.
Each array cell separated from the adjacent cells by vertical semitransparent screens,
which we call primary screens, contains a main parabolic reflector, an elliptic sub-
reflector, a feed, and a vertical transparent screen called secondary and arranged
in the plane of the cell symmetry. The feature of this construction is that the main
reflector is formed by right and left parabolas with foci situated in the left and right
adjacent cells, respectively. The elliptic subreflector, working here as a quasioptical
power divider, also consists of two parts. They have one common focus coincid-
ing with the feed phase center. Two other subreflector foci (one of them is situated
in point G) coincide with the foci of the right and left parabolas of the right and
left adjacent cells, respectively. As the ray tracing in Figure 2.20 shows, the waves
radiated by the feed are directed by the subreflector to the external parabolas of
the adjacent cells. However, after partial reflection from the primary and secondary
semitransparent screens working as quasioptical directional couplers, the waves
reach all the parabolas of the three cells. As a result, a three-cell subarray is formed,
which can be considered a quasioptical analog of the single-cascaded chessboard
network shown in Figure 2.135.
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Figure 2.20 Quasioptical network of subarray of dual-reflector antennas.
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The array geometric parameters are calculated as follows. Let the subreflector
half-width a, cell half-width b, longitudinal dimension b, and x-coordinate x¢ of
focus G be specified. Then, using the equation

__2f

p= 1+cosf

written for parabola BC in the polar coordinates with the origin in focus G (Figure
2.20), where f is the focal length of the parabola BC, as well as equation

R ST
Y- Y6 4f(x xG) - f

written for the same parabola in the Cartesian coordinates shown in Figure 2.20,
we can obtain the following formulas for the focal length f of the parabola BC and
for the y-coordinate of its edge C

1
f= 306 (g - 2o + g - yp)*]

_ 1 2
Ve _yG+47-(xC_ xG) - f

where xg =a +2b, y; = (xg - a)yp/(2b), yg =- b, and xc = 3b. The position of the
subreflector focus F is determined by the ellipse property, according to which

AG+AF=DG+DF (2.26)
where

AG = J(x; - a)* +y&

AF =Ja* +y}

_ [.2
DG = xG+(yD— Vr

DF=yD-yF

)2
— XG
yD-—yG'+;Ej4;;%yG- Ye)
Solving (2.26) with respect to yg, we obtain

y _(p- AG+DG)* - &
F 2(yp - AG+DG)

The relations written earlier for the array geometry allow calculation of the ar-
ray characteristics, in particular the subarray radiation pattern.
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2.5.2 Subarray Pattern

To determine the radiation pattern of the three-cell subarray shown in Figure 2.20,
we apply the aperture method (see, for instance, [45]) involving integration of the
field distribution over the subarray aperture in the plane y = 0. Making appropri-
ate change of the variable for each part of the subarray aperture, we represent the
subarray pattern as

3 b

é_ OA,(&)cos[k(E - &,,)sinb0 |dE (2.27)
n=1g,4

where, A;(&) = Ry(R, + Ty)Ao(&), Ay(&) = TyR,A((E) and A;(8) = T, ToA (&) are
complex amplitude distributions over the three regions of the aperture; Ry ,(f8) and
T} 5(P) are reflection and transmission coefficients for a locally plane wave (a beam)
impinging the screens at angle f3; Ay(&) is the amplitude distribution which would
take place on the aperture region corresponding to the parabola BC in the absence
of the screens; & =0, & =2b, &3 =-2b, k = 271/A, 0 is the observation angle mea-
sured from the y-axis, and

b
bAAE) d &

is the normalizing coefficient involved in (2.27) for taking into account the
aperture efficiency reduction caused by nonuniformity of the amplitude distri-
butions over each aperture region, including the blockage of the latter by the
subreflector.

The field distribution over the subarray aperture depends on the feed radiation
pattern Fy(¢). According to the laws of geometric optics applied to the case under

consideration
1+cosf do
Ay(6) = 4/ 2f dﬁF( 0) (2.28)

where relations between &, , and @ are determined by formulas

Bé) = Zarcthb-'ff_xG

- (1+e?)sin(B- )
1+e? - 2esin(B- @)

o(f) =a - arcsin

where

YG - VF
XG

o = arctg
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and
xg +(ye - vi)
AG+ AF

is the eccentricity of the elliptic subreflector.

2.5.3 Results of Calculations

The results to be presented next as an example correspond to the following array
parameters: a = 31, b =254, h =404, and x; = 8A. The feed radiation pattern has
been taken in the form

Fy(¢) = sin(k Dcos @)cos(ks sing)

that corresponds to two equiphase filamentary electric currents arranged at height
D above a conductive screen and spaced 2s apart. The screen dimension is as-
sumed to be not larger than 2a to avoid additional blockage. The primary and
secondary screens are taken in the form of dielectric plates of thickness #; , and
relative permittivity & ,. The reflection and transmission coefficients correspond-
ing to the incidence of a plane wave of E-polarization have been calculated by
formulas

w@—v&mmvm
Qj

_ ZYO,/’YL,‘

Qj

R;(B)=1i

T;(B)

where

Qj =[2Y;Y1jcosYy; —z'(ng + ng)sin Yl,']eiYO’
YO/’ = /Ql‘,’ sin 8

Ylj = kt/\/ej —COSzﬂ

and j =1 and 2 for the primary and secondary screens, respectively.

The parameters of the screens t; =0.074, &, =14.5 and ¢, =0.134, &, =4.2 have
been chosen to provide the transmission coefficients |T;| and IT,| at mean angle
of illumination of the screens close to the optimum values 0.438 and 0.74 given
in Table 2.1. The values for the feed parameters D= 0.484 and s = 0.3A provide a
minimum sidelobe level.

The amplitude distributions of the field over the subarray aperture are shown in
Figure 2.21 by solid curves normalized to the maximum of the amplitude distribu-
tion calculated for the case of perfectly conducting screens providing illumination
of the parabolas in the central cell only. The indicated distribution corresponding
to (2.28) is shown in Figure 2.21 by a curve with small dashes. To compare the
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Figure 2.21 Amplitude and phase distributions of the field in the subarray aperture.

amplitude distribution to the curve sinx/x, we have multiplied the magnitude of the
distribution over the edge region by —1 and added 7 to the phase distribution. The
phase distributions shown in Figure 2.21 by the curves with larger dashes have been
plotted with respect to the phase value at x = a and divided by 7.

The subarray pattern (2.27) is shown in Figure 2.22 by a solid line. It is com-
pared to the pattern corresponding to the thin perfectly conducting screens (the line
with larger dashes) and to the pattern corresponding to the uniform amplitude dis-
tributions over the aperture of each parabola [i.e., similar to that shown in Figure
2.9(b), the curve with smaller dashes].
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Figure 2.22 Radiation patterns of the subarray of dual-reflector antenna elements.
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Figure 2.23 Quasioptical network of a subarray with bootlace lens antenna elements.

The results presented in this section show that the quasioptical network pro-

vides the sector beam shape similar to that corresponding to the single-cascaded
chessboard network with ordinary directional couplers. The slightly increased level
of the sidelobe radiation and corresponding reduction of the aperture efficiency are
caused here by the subreflector blockage effect. The latter is proportional here to
alb. The blockage effect in dually periodic structures would be proportional to (a/b)?
and therefore significantly weaker. This effect will be absent at all in the quasiopti-
cal networks employing lens antenna elements. One such network with bootlace
lenses is shown in Figure 2.23; some other networks are described in [19, 54-57].
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Arrays. of Coupled Dual-Mode
Waveguides

As shown in the previous chapter, the overlapped amplitude distributions corre-
sponding to shaping sector element patterns can be formed either by using a few
(at least two) radiators in each array cell or by excitation of at least two first modes
in the aperture of one radiator occupying the whole array cell. The latter case has
been realized in [1, 2] as well considered in [3]. The first even and odd modes in
the array [1-3] are excited through a beam-forming network consisting of power
dividers and directional couplers, as shown in Figure 2.4 of the previous chapter.
This technical solution is rather effective for application to the waveguide-horn ar-
rays. However, in the particular cases when the dual-mode waveguide sections have
common walls, the array design can be considerably simplified if the excitation of
the necessary modes is accomplished through ordinary slots in the common walls
instead of the beam-forming network.

Some applications of the slot-coupling elements between transmitting lines in
phased arrays for providing wide-angle impedance matching are described in [4, 5].
The slots in the waveguide walls are used also for matching the experimental array
shown in Figure 2.12. The capabilities of such an approach for shaping the sector
element patterns have first been studied in [6] using rigorous problem formulation
for an idealized array geometry in assumption that the waveguide walls are infi-
nitely thin and the single-mode feeding waveguide sections usually used in practice
are absent. The improved models, more close to practice, have been considered in
[7, 8] for an array of parallel-plate waveguides scanning in the E-plane and in [9]
for a similar array scanning in the H-plane.

3.1 A Simplified Model

Consider a two-dimensional problem of H-polarized wave radiation from an infi-
nite array of semi-infinite parallel-plate waveguides of width a with identical slots
cut through in the walls. The array geometry in the case of two-slot elements of
coupling is shown in Figure 3.1. The waveguide walls are assumed to be infinitely
thin and perfectly conducting. Let the waveguides be excited in the TEM modes
with magnetic field

H;(x,z) — eikzﬂ'mY (3.1)

for ma <x < (m + 1)a, m =0, £ 1..., satisfying the Floquet condition [10] with
parameter (phase increment) Y (the time dependence is assumed to be taken in the
form e ), It is required to determine the field radiated to free space and the field
reflected back to the waveguides. 91
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Figure 3.1 Geometry of parallel-plate waveguide array with slot elements of coupling.

To solve the problem, we introduce magnetic currents lying on metallized pla-
nar surfaces in the slot region and equivalent to the tangential components of the
electric field in the slots. Let J’j(z) be magnetic current density in the slot region
at x = +0. Then, to provide the tangential electric field continuity in the slots, the
magnetic current density in the slots at x = - 0 must be - J%}(z). Furthermore, since
the total field at excitation (3.1) must satisfy the same Floquet condition, the cur-
rent density at x =a - 0 must be equal to - Jj(z)exp(iY ). The magnetic field of such
a system of currents in the central waveguide (0 < x < g, Figure 3.1) may be deter-
mined by formula

¥ n 1Y
1-(-1)% NIX iy,lz- z¢
H,i(x,2) kd (03 cos e 28z (3.2)
yl ,Za()(1+5n0)y;1 a

where f(z) = J7(2)/M, Mo = (Uo/€)"™ is the wave resistance for free space, L1 [z1,2]
is the slot region,

, :Jle2 gn—”o = \/g””o e (3.3)

are propagation constants of the waveguide modes, and J,,,, is the Kronecker sym-
bol. The field corresponding to the magnetic currents in other waveguides will dif-
fer from the field (3.2) only by factor exp(imY ), where m1 is the waveguide number
(index). If the observation point is situated outside the region z, £ z £ 24, the expres-
sion (3.2) may be rewritten in the form

¥
Hyi(x,2) = a A: coan—xei”’”Z (3.4)
n=0

where

- p - Oc( Qe (3.5)
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The upper and lower signs in (3.4) and (3.5) correspond to z > z; and 2z < 25,
respectively. As we see, the waveguide waves (3.4) with amplitudes A}, (3.5) come to
the waveguide aperture together with the incident TEM waves (3.1). The problem
of such an excitation of the thin-walled parallel-plate waveguide array allows us to
obtain a rigorous analytical solution. Applying the method of factorization [10, 11]
and the principle of superposition, we obtain the following expressions for the scat-

tered (radiated and reflected) field:

¥
s - 8 iogx+ilyz
Hy(x,2)= @ Bge ™™ 7, 2>0

q=-¥
3 nwx
Hj(x,2) = Hy1(x,2)+ @ Ax cosTe'”/”z, 2<0
n=0

where

0qG+(Tyg) & (8o + Am)lk+ ¥n) 1- (1"

T ik+ ) a Sy 2GYm) Ym - Iq
_Y +2nq
th —T

1- - 1Y k+y,
1+ 6710 YnG+(Yn)

A =-

(G0 + Aj) (R + V) 1- (- 1) ™Y
0 2G+(ym) Ym T VY

¥
. 9
a

m

/2
& os(ka) - cosY &' aeﬂ
Grla) = & sin(ka)/(ka) & *Pg ln2_

(I+o/Ty)(1+alI-,)
1+aly,

£
“(1+a/TH)QO
p=1

(3.6)

(3.7)

Amplitudes (3.8) of the Floquet modes in the free space and amplitudes A;, + A,,
of reflected waveguide modes in the waveguides are determined by still unknown
function f(z) proportional to the equivalent magnetic current density in the slots.
To find this function, we use the continuity condition for the total magnetic field in

the slots. As a result, we obtain the following integral equation:
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E‘p(z,zﬂ)f(zﬂ)dz¢= gz), =zl L (3.11)

where the kernel and right-hand part are determined by formulas

2 ¥ 1- (- 1n Y é i7n|Z'Z¢
Glrzg= 2R g 1oL cooV e
a =0 1+ 60 e Tn

' ; N (3.12)
(e +yy)e g 1- (-1)"cosY  (k+yu,)e ' m* t
YnG+(¥n) m=0 1+6,0 YoV + yn)G+(ym)c
v € 2§ 1-(-1"cosY e rmt L
(Z) = (1_ e zY)éezkz . : (3.13)
3 2] G+ (k) m=0 1+6,.0 }/mG+(j/m)C

Function f(z) determined as a result of solving (3.11) by the method of moments
is then used for calculation of amplitudes (3.5), (3.8), and (3.10). The accuracy
of the calculations has been controlled by means of verifying the power balance
relation

o A, +A, Tn g |B, * T,

Q-8 Sk

-1 (3.14)

where summation is taken only over propagating waveguide and Floquet modes.
The error of fulfillment of (3.14) in all the calculations has not exceeded 0.01%.

As noted earlier (see Chapter 1), the array element pattern is determined by the
amplitude of the Floquet mode of zero order (3.8) multiplied by cos6 (Figure 3.1).
As a result, we obtain the element pattern in the form

(80 + Ap )R+ V) 1- (- 1)
0 2kaG+(7m) Ym - To

— 00G+(Ip)
l(k +Fo)

(3.15)

o«

F(Y)

m

where Y should be replaced by ka siné.

Two examples of the calculated element pattern for array with period a = 0.84
and a =1.31 are shown in Figures 3.2 and 3.3, respectively. In the first case, there is
only one slot in each wall, while the second one corresponds to two slots of identi-
cal width D. The position of the slots (segment [z4, 2,]) and their width D have been
selected to provide the slowest decrease of the element pattern level in the sector
sinf £ 0.7A/2a corresponding to the element use factor of about 1.4.

As we see in Figures 3.2 and 3.3, where the array element pattern in the absence
of the slots is also presented for comparison, the introduction of the slots allows
enhancing the pattern level at the sector edge by about 1 dB. However, the level
of the obtained patterns is still considerably lower than the normalized maximum
(ideal) level equal to \/cos@. The reason is insufficiently strong excitation of the ar-
ray aperture by the odd TM; modes because only a portion of their power comes
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Figure 3.2 Element pattern corresponding to single slots in array with a = 0.84, z; = - 0.544,
z,=-0.964, and D=-0.42A.

to the aperture, while the other portion just goes from the slots down and therefore
does not contribute to the radiation. The situation may be improved by means of
using single-mode waveguides for exciting the coupled dual-mode sections. The
propagating TM; modes going down from the slots in this case will come back to
the aperture after reflection from the junction of the sections to participate in shap-
ing the element pattern. Such an improved array model is considered next.
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Figure 3.3 Element pattern corresponding to double slots in array with a = 1.34, z; = - 0.824,
z;=-2.3) and D=0.12A.
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Figure 3.4 Geometry of coupled parallel-plate waveguide array for scanning in E-plane.

3.2 An Improved Model for Scanning in E-Plane

3.2.1 Array Geometry and Excitation

The longitudinal cut of the improved array in the plane of scanning is shown in Fig-
ure 3.4. The array is a periodic structure of stepped parallel-plate waveguides. The
upper sections have width a and wall thickness b - a, where b is the array period
(element spacing). These sections are symmetrically attached to lower semi-infinite
waveguide sections of width g via intermediate sections of length b, and width a,.
The upper sections are coupled to each other through the slots of width D arranged
at distances b from the intermediate sections and 4, from the aperture.

We assume that the lower sections are excited by TEM waves having unit am-
plitudes and phases progressing with increment Y from one waveguide to another.
The incident TEM waves are scattered at the step discontinuities with excitation
of TM waves with nonzero electric field components E, and E_, and magnetic field
component Hy, so that the array scans its beam in the E-plane.

Further, we will assume that the lower waveguide sections are single-mode,
while the upper ones are dual-mode (i.e., ag < /2 and /2 < a < A, where A is the
operating wavelength). The array radiation performance depends on the amplitude
and phase relations between the dominant TEM mode and TM modes of higher
order coming to the aperture. The indicated relations are determined by the
geometry of the structure, and the problem therefore is determination of the values
for the geometric parameters at which the array gain has minimum decrease when
scanning the beam in the sector corresponding to the array period.

3.2.2 Mathematical Model

The most preferable method that can be used for analysis of the array under consid-
eration is the method of generalized scattering matrices [10]. Let S be the scattering
matrix of the stepped transition between the lower single-mode section and upper
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dual-mode section, R and TV be the matrices of the reflection and transmission
coefficients, respectively, for the system of slots in the walls of the dual-mode sections,
and R® and T'?) be similar matrices for the array aperture at excitation of it from the
waveguides. We will assume that the matrices R™Y, T, and R® have dimension
N~ N, where N is the number of the first modes taken into account in the dual-mode
sections, the matrix T has dimension Q ~ N, where Q is the number of the Floquet
modes taken into account in the field radiated by the array, and the matrix S has
dimension (N + 1) " (N + 1), with its first N~ N elements being the coefficients of
reflection from the intermediate section (transition) from the side of the dual-mode
section. All the elements of the indicated matrices with the exception of those of
the matrix S depend on the controlling phase Y. Using the matrices involved in the
consideration, we can write the following system of linear algebraic equations

N
o

An-a e(nl)Sman = Sm,N+l
n=1

i
i
i
;
2 (Ml eI !
-aen RyinAn + By, - a én ThnDy = O'I'
n=1 n=1 |,
N N Iy (3.16)
- & A TiAw +Con - & e'RiDy =0
i
i
i
i
p

n=1 n=1 |
é\[ .
- A & RimCo+ Dy =0 -

n=1

for the complex amplitudes of the waves going from the transition to the slots
(A,), from the slots to the transition (B,,), from the slots to the aperture (C,), and
from the aperture to the slots (D,,) (Figure 3.4), where m =1, 2, ..., N (unlike the
previous section, the numbers of the waveguide modes begin with 1 rather than
0, and that is done for convenience of the subsequent operation), eY) = exp(iy,h)),
j=1or2, b and b, are the lengths of the lower and upper parts of the dual-mode
sections (Figure 3.4), and

_ o én-0rid L Jén- i,
T _\/k & _l\/ga g (3.17)

are propagation constants of the waves in the dual-mode section.
The solution of the system (3.16) then allows us to calculate the array reflection
coefficient

N
R(Y) = Snsin+t + @ VSn+1,4Bu(Y) (3.18)

n=1

amplitudes of the Floquet modes above the aperture
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N
T,(Y)= & e TR (Y)Ca(Y) (3.19)

n=1

and array element pattern
_|b .
F6) =,|— | To(kbsinB) | cosb (3.20)
ap

normalized to the maximum value of the ideal element pattern (1.117). Note, also,
that |F(0)I?> corresponds to the coefficient of power transmission to the main lobe.

The simple algorithm presented here allows us to perform calculations of the
array characteristics at specified values of its geometrical parameters. The necessary
elements of the scattering matrices for the transition section, slots, and array aper-
ture are calculated with using the well-known method of projective mode matching
at the junctions of the sections [12, 13]. The technique and some details of the real-
ization of the indicated method for the structure under consideration are described
in [14]. An example demonstrating the calculation of the scattering matrix elements
for the slots and array aperture is presented in Appendix 3A.

3.2.3 Highest Characteristics at Dual-Mode Excitation

Although the field radiated by the array is formed by an infinite number of the
waveguide modes coming to the array aperture, the first two propagating modes
TM; (which is the TEM mode) and TM, reaching the dual-mode waveguide aper-
ture without attenuation give the highest contribution. In this connection, it is of
interest to consider an auxiliary problem that determines the amplitude and phase
relations with which the indicated two waves must come to the aperture to provide
a maximum of the element pattern level for specified observation angle.

So, let the waves TM; and TM, be coming to the waveguide aperture with real
amplitudes C; and C,, as well as with phases Y and Y ,, respectively. The phases
are assumed to be measured with respect to the aperture plane, while the amplitudes
satisfy the normalization condition on their total power

71aC? +%c§ =1 (3.21)

where the propagation constants g,, are determined by formula (3.17).

Let also F;(6) and F,(6) be the element (waveguide) amplitude patterns corre-
sponding to separate excitation of the waveguide in the TM; and TM, modes of
unit power, and let F{(6) and F,(6) be the appropriate phase patterns. Then the
complex pattern of the waveguide at its simultaneous excitation by the two modes
may be written in the form

F= OtClFlei(Y“-F]) +[3C2F2€“Y2+F2)

where a = (yya)"* and 8 = (y,a/2)"2. Accounting for this expression, we may write
the waveguide power pattern as
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P = FF =(aCiFy)* +(BCyFy)?

+20fC1FiC,F> cos(DF +DY) (3.22)

with DF =F,- F,;and DY =Y,- Y.
It is clear that the maximum of function (3.22) will be achieved first of all when
the complex patterns are added in-phase; that is, at

DY =-DF +27n, n=0,%1,... (3.23)

To optimize the amplitude relations, let us express C; via C, from (3.21), sub-
stitute the resulting expression in (3.22), and equate dP/dC, to zero. Then, taking
(3.23) into account, we obtain the equation

BCE - _

B -
J1- B*C3
from which
C = b (3.24)

BF +E

Using (3.24) together with (3.21), we find

= (3.25)

on|EX + E}
1 2

Using the last two expressions, we can determine the optimum ratio of the
amplitudes C; and C,

C2(6) =\/EF2(9) (3.26)
C1(6) v2 H(6)

providing maximum of the waveguide power pattern (3.22) at the dual-mode exci-
tation equal to F; + F3.

Thus, the array gain in a specified direction at dual-mode excitation of the
waveguides achieves its maximum level when the complex waveguide patterns cor-
responding to each mode add in phase and the amplitudes of the dual-mode excita-
tion obey the relation (3.26).

To illustrate the highest achievable radiation pattern of the dual-mode wave-
guide, let us assume that the waveguide wall thickness is equal to zero (i.e., a =
b. The problem of excitation of such an array has a rigorous analytical solution
obtained by the method of factorization [10] and presented in the previous section.
Using (3.15) and accounting for the numbering of the waveguide modes taken in
this section, we may obtain the following expressions for the waveguide amplitude
patterns corresponding to each type of excitation
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(3.28)

where Iy = kcos6 and I'_; = [k? - (ksin® — 27/b)*]'"* are propagation constants of
the Floquet modes (3.9) of zero and minus first orders, respectively. The upper
lines in the figure brackets in (3.27) and (3.28) should be used at 0 £sin@£ A/b - 1,
while the lower ones are valid at A/b - 1 £sin6£ 1. The patterns (3.27) and (3.28)
as well as the limiting pattern JFlz + F22 corresponding to the optimum dual-mode
excitation of the waveguides in array with @ =b = 0.8 4 are shown in Figure 3.5. The
limiting pattern is compared to the ideal normalized element pattern ,/cos@, as well
as to the single-mode waveguide amplitude pattern 2cos@/(1 + cos6), which is easy
to obtain from (3.27) at the condition that a = b < 1/2 when y, is imaginary.
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Figure 3.5 Radiation patterns of dual-mode waveguide in the E-plane of array with a= b= 0.8A.
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The comparison shows that the pattern at the optimum dual-mode excitation is
only slightly lower than the ideal element pattern for large angles of observation be-
cause of the increase of the reflection from the aperture, and it practically coincides
with the single-mode waveguide pattern. The latter feature means that the gain of
the array of optimally excited dual-mode waveguides when scanning is practically
the same as that of the array using a doubled number of single-mode phased wave-
guides occupying the same aperture.

3.2.4 Optimization of the Structure

Optimization of the array geometry is carried out as follows. First, for specified
element spacing b, wall thickness b - a of the dual-mode sections, and width g, of
the input single-mode waveguides, we carry out numerical experimentation to de-
termine the width g, and length b, of the transition section providing the best match
between the single-mode and dual-mode sections for the dominant TM; (TEM)
mode at a specified frequency. Then, we specify the observation angle value 6 (the
recommended value resulting from the practical calculations is 8 » arcsin[A/(4b)])
as well as the slot width D and determine the distance /; from the transition to the
slots providing the necessary value for |C,/Cyl calculated in advance according to
(3.26). If the necessary value for the indicated ratio is not possible to obtain for the
specified D, we specify another value for this parameter and repeat the procedure.
The amplitudes D,, of the waves reflected from the aperture are excluded from
consideration at this stage of the optimization process, and therefore we solve
only 3N equations of the system (3.16) with 3N unknowns. After determining the
distance b and width D, we determine the distance b, from the slots to the aperture
providing maximum of the element pattern (3.20) in the specified direction. This
corresponds to satisfaction of the phase relation (3.23). This stage requires solution
of all the 4N equations of the system (3.16) with all the 4N unknowns.

Note that it is possible to obtain a few different values for each of the param-
eters b,, by, and b, in the optimization process that satisfy the conditions indicated
earlier. In this case, it is preferable to select the smallest of them because such a
choice provides weaker dependence of the array characteristics on frequency.

3.2.5 Numerical Results

The technique developed for analysis and optimization of the array of coupled
dual-mode waveguides scanning in E-plane has been realized in a package of codes
including subroutines calculating the scattering matrices of the stepped transition,
system of slots in the waveguide walls, and array aperture. The texts of the codes
are available in [14]. The elements of the generalized matrices of scattering are cal-
culated by accounting for 20 to 40 waves in each waveguide section and 200 to 300
Floquet modes in the slot region and free space above the aperture. Calculations
of the array characteristics as a whole have been performed by accounting for two
propagating modes TM; and TM, as well as two evanescent modes TM3 and TMy.
The order of the system (3.16) therefore has been equal to 16. The results obtained
for the array with element spacings & = 0.8, b = 0.94, and b = A are presented in
Figures 3.6, 3.7, and 3.8, respectively. The wall thickness in the dual-mode sections
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Figure 3.6 Element pattern (F) and reflection coefficient (R) of array with slots for b = 0.84,
a=0.752, ay = 0.44, a; = 0.5654, h, = 0.207A, h; = 0.5274, h, = 0.64, and D=0.3%; (- - -) is the
same array without slots at hy + h, = 0.5A.

and the width of the input single-mode waveguides are b - a = 0.054 and g, = 0.4A,
respectively, for all the three cases. The values for the other array parameters
determined as a result of optimization are indicated in the figure captions. The
presented characteristics are compared to the characteristics corresponding to the
absence of the slots in the dual-mode sections of specially determined optimum
length. Note that the optimization in the absence of the slots is also of importance,
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Figure 3.7 Element pattern (F) and reflection coefficient (R) of array with slots for b = 0.94,
a=0.852, gy =0.44, a,=0.6164, h;=0.1914, h; = 0.4234, h, = 0.654A, and D=0.34; (- - -) is the
same array without slots at h; + h, = 0.5A.
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Figure 3.8 Element pattern (F) and reflection coefficient (R) of array with slots for b= 1, a=0.954,
ag = 0.44, a;=0.6731, h; = 0.1734, h; = 0.4, h, = 1.298, and D=0.34; (- — -) is the same array
without slots at h; + h, = 0.5

because the element pattern at some values of the dual-mode section length may
even have resonant dips discussed in [15, 16].

Analysis of the results presented in Figures 3.6, 3.7, and 3.8 shows that the ele-
ment pattern half-width at levels 0.89 (-1 dB) and 0.32 (=10 dB) is approximately
equal to 0.69 to 0.74 of w and 1.17 to 1.26 of w, respectively, where w = A/(2b)
is the half-width of the ideal sector element pattern also shown in the indicated
figures. For comparison, the appropriate half-width values of the theoretical element
patterns provided by the dual-mode horns excited through the directional couplers
[2] are 0.65w and 1.16w. The behavior of the array characteristics for b =0.81 and
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Figure 3.9 Element pattern (F) and reflection coefficient (R) of array with parameters indicated in
the caption for Figure 3.6 at frequencies f, 0.97f, and 1.03f.
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Figure 3.10 Element pattern (F) and reflection coefficient (R) of array with parameters indicated in
the caption for Figure 3.8 at frequencies f, 0.97f, and 1.03f.

b =Ain a frequency band from 0.97f to 1.03f, where frequency f corresponds to the
wavelength A, is shown in Figures 3.9 and 3.10, respectively. We can also note that
when the element spacing increases to one wavelength, the obtained array match
and sector element pattern quality worsens. However the improved model allows
us to obtain considerably better results than those presented in Figures 3.2 and 3.3
for the simplified model.

3.3 Array Structure for Scanning in H-Plane

3.3.1 Features of Geometry and Optimum Excitation

The geometry of a parallel-plate waveguide array designed for scanning in H-plane
is shown in Figure 3.11. The array is assumed to be excited by the dominant TE,
modes in semi-infinite single mode waveguides of width A/2 < g, < A, attached to
dual-mode waveguide sections of width A < a < 1.5A via stepped transitions of
length b, and width a,. Each wall of the dual-mode section has two slots of width D
each, arranged at distance b from each other. The upper parts of the dual-mode sec-
tions contain longitudinal baffles forming symmetrical branchings with single-mode
sections of width ¢ and length /,,. The distances from the lower slot to the transition
and from the upper one to the branching are equal to b and b, respectively.

As we see, this structure somewhat differs from the structure designed for scan-
ning in E-plane (Figure 3.4). The latter uses single slots in the dual-mode section
walls. At (or close to) the in-phase excitation of the array with thin walls by the
TEM modes, the row of slots is a weak discontinuity. Hence there is no great neces-
sity to apply additional means for matching it. Unlike that, reflection of the TE;
modes from a row of slots when scanning in the H-plane in a general case may be
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Figure 3.11 Geometry of array of coupled parallel-plate waveguide for scanning in H-plane.

considerable. The improvement of the match in this case is performed using two
rows of identical slots arranged at appropriate distance.

The second difference is the presence of branchings at the aperture of the H-
plane array. At the in-phase excitation of the E-plane array, the dominant TEM
modes come to aperture. They have uniform field distribution across the wave-
guide, and this fact provides the aperture efficiency close to 100%. The dominant
modes in the H-plane array are TE; modes with cosine field distribution. Such a
distribution over an aperture exceeding the operating wavelength yields an aperture
efficiency of about 81% or array gain reduction by 0.91 dB. The baffles introduced
at the dual-mode waveguide apertures allow us to avoid the indicated reduction.
An alternative modification could be dielectric plates of thickness 0.251// £- 1 and
relative permittivity € arranged on the waveguide walls, allowing us to obtain the
uniform field distribution over the empty part of the waveguide cross-section [17, 18].
The high efficiency of such an aperture is possible at only small plate thickness and
appropriately large plate permittivity; however, increasing the permittivity results
in decreasing the operating frequency bandwidth.

Similarly to the case of the E-plane considered in the previous section, the anal-
ysis of the H-plane array is carried out using the method of generalized scattering
matrices. The system of equations (3.16) for the amplitudes A,, B,, C,, and D,
indicated in Figure 3.11 remains valid. However, the propagation constants (3.17)
should be replaced by the propagation constants

L2 L2
= [p2_ @TO _ . @0 2 3.29
Yn \/k b z\/\ Y k ( )

Furthermore, the matrices RV and T now correspond to two rows of slots,
and the matrices R® and T® take into account the presence of the baffles in the
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dual-mode sections. The details of calculation of the scattering matrix elements for
the transition, system of slots, and modified aperture can be found in [14]. The tech-
nique developed for calculation of the modified aperture characteristics is presented
in Appendix 3B as an example.

Solution of the system (3.16) allows the calculation of the array characteristics.
The reflection coefficient is determined by (3.18), while the expression (3.20) for the
normalized element pattern should be replaced now by

F©) = %IT@(kbsine)lcose (3.30)
Y1 a0

where y(10) =\Jk* - (m/ag)* is the propagation constant of the dominant TE; mode
in the input single-mode waveguide sections.

The optimum ratio for amplitudes C, and C; of the TE, and TE; modes in the
dual-mode sections providing maximization of the array gain at the dual-mode
excitation is determined in [9] in a similar way as is done in Section 3.2.3 for the
E-plane array case. As a result, if the total power carried by the indicated modes is
equal to unity; that is,

(r1Cf +72C3)al2 =1 (3.31)

the optimum amplitude ratio is determined by formula

©200) :FW (3.32)
Gi6) 72 H(6)

where F{(6) and F,(6) are values of the amplitude array element patterns (for a
dual-mode waveguide with baffles) corresponding to excitation of the waveguide
in the TE; and TE, modes of unit power, respectively. As with the E-plane case,
the maximum level of the power element pattern equals Ff + F; and only slightly
differs from the ideal normalized power pattern cosf for 8 £ 2A4/b - 1 (i.e., in the
region of single-beam scanning in the waveguide array with spacing equal to
bl2).

3.3.2 Computed Array Characteristics

The technique of H-plane array geometry optimization as a whole is similar to that
described in Section 3.2.3 for the E-plane case. Appropriate selection of the transi-
tion length b, and width a, provides perfect match between the single-mode and
dual-mode waveguide sections at a specified frequency. The length of the baffles in
the dual-mode sections at the aperture is selected to provide the best array match to
free space at the array excitation in the dominant TE; modes when the controlling
phase value Y is zero or close to zero. Further, we specify the slot width D and select
the distance between the slots b providing their perfect match at in-phase excitation
of the dual-mode sections in the TE; modes. Then, at specified value of sin6 close to
Al(4b), we select the distance between the transition and slots 4, providing the opti-
mum ratio for amplitudes of the second and first modes (3.32). If the required value
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fails to be achieved at the specified slot width, we specify a new value the latter and
repeat the procedure. After selecting the slot width, the optimization of the array
geometry is completed by selection of the distance between the slots and baffles »,
providing maximum of the element pattern (3.30) in the specified direction.

The source FORTRAN code realized according to the technique described
earlier is presented in [14]. The code uses subroutines developed on the basis of
the mode-matching method for calculation of the generalized scattering matrices
of the transition, doubled slots, and array aperture taking the baffles into account.
The calculations have been performed taking into account 20 to 40 waveguide
modes in each section and 200 to 300 Floquet modes in the slot region and free
space above the aperture. The system (3.16) is solved by accounting for the first
four waveguide modes of the dual-mode sections. Since the optimization process
consists of a succession of simple operations, it is easily performed in an interac-
tive mode.

The results presented next as an example have been obtained for the array
with specified element spacing b = 1.2954, dual-mode section width a =1.254, and
input single-mode waveguide width gy = 0.795A. The values for the other array pa-
rameters found as a result of the optimization process are indicated in the caption
for Figure 3.12, where the calculated magnitude of the array reflection coefficient
(3.18) and element pattern (3.30) are shown together with the normalized ideal ele-
ment pattern ,/cos@ of width corresponding to the indicated element spacing.

The behavior of the array characteristics in the center and at the edges of a
3% frequency band is demonstrated in Figure 3.13. The sector shape of the ele-
ment pattern is kept sufficiently well, and the array match remains satisfactory. The
bandwidth in the case under consideration is somewhat narrower than that for the
E-plane array because of greater element spacing in the H-plane array.
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Figure 3.12 Element pattern (F) and magnitude of reflection coefficient (R) of H-plane array with
parameters b = 1.2954, a = 1.254, ay = 0.7954, a; = 0.9294, h, = 0.2324, h; = 0.6894, h, = 0.271,
D=0.4254, h=0.3132, and h, = 0.6431.



108

Arrays of Coupled Dual-Mode Waveguides

T
- ‘\‘ \ f
"\ ——— 0.985f
0.8 “\\\ -------- 1.015f
L “.‘\
A\
o 0.6F ;
©
2 L
= \
£od \
i I\
\\‘-_
——— ‘-‘ e e e = —y
0.2 x I_?.*.x--x-«..x_*_ {/K\ x \-\-
Y NG
0 v')l( 1 \l"q—rx_//l ) “)‘x'| ‘.'k"("" ~I_ -\\‘
0 02 04 06 08 1
sin@

Figure 3.13 Reflection coefficient (R) and element pattern (F) of the H-plane array with parameters
indicated in caption to Figure 3.12 at frequencies f, 0.985f, and 1.015f.
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Figure 3.14 Experimental linear array breadboard of coupled dual-mode rectangular waveguides:
(a) cut in the H-plane, (b) side view, and (c) general view.
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3.4 Experimental Study of the H-Plane Array

Verification of the numerical results presented earlier and possibilities of practical
realization of the proposed structures for operation in the K, frequency band have
been carried out with using an experimental linear array of rectangular waveguides
coupled through the slots in common narrow walls [19-22]. The cut of this array in
the H-plane, its side view, and its general view are shown in Figure 3.14. Unlike the
theoretical model in the form of an infinite periodic structure of parallel-plate wave-
guides, the experimental array breadboard consists of seven elements the apertures
of which radiate in a common horn section. As shown in Figure 3.14(b), the array is
built of six blocks: single-mode waveguides, transition sections, dual-mode sections
without slots, dual-mode sections with slots, dual-mode sections with baffles, and
a horn section. The waveguide channels in each block have been performed using
the electro-erosion method. The accuracy of block attachment is provided by using
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Figure 3.15 Measured radiation patterns of the central array element at frequencies (a) 34 GHz as
well as (b) 33.49 and 34.51 GHz; (" " ") is calculated element pattern at 34 GHz.
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appropriate guide pins, while the blocks are tightened together by four longitudinal
screws. The values of the geometric parameters in the H-plane in millimeters cor-
respond to the values in wavelength indicated in the caption for Figure 3.12. The
waveguide width in the E-plane equals the standard value 3.4 mm, while the length
of the horn section and its aperture width equal 25 and 7 mm, respectively.
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Figure 3.16 Measured array radiation patterns at excitation of its (a) first (1’ and 1”), (b) second
(2" and 2”), and (c) third (3" and 3”) lateral inputs at frequency 34 GHz.
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The measurements of the array characteristics have been performed in the fre-
quency band (34£1) GHz. The VSWR of the central element in the indicated band
varies from 1.09 to 1.27 [19]. The results of the array radiation pattern measure-
ment corresponding to excitation of the central element at frequencies 34, 33.49,
and 34.51 GHz and providing the other array inputs with matching loads are pre-
sented in Figure 3.15. Comparison of the measured element pattern with theoreti-
cal element pattern recalculated from Figure 3.12 to decibels presented in Figure
3.15(a) shows good agreement between the theory and experiment.

The measured radiation patterns of the central array element at frequencies 33.49
and 34.51 GHz shown in Figure 3.15(b) confirm the theoretical conclusion that
shape of the sector beam in the 3% frequency band remains practically changeless.

The study of the array edge effect on the array element pattern shape has been
carried out by means of the array pattern measurement at excitation of the array
lateral inputs. The patterns measured at frequency 34 GHz are presented in Fig-
ure 3.16. The results show that the pattern shape in the sector beam region at
excitation of each lateral input except for the edge one is practically identical. The
overall change of the pattern shape consists of only a slight increase of the sidelobe
level at the side of the nearest edge. The array pattern shape corresponding to ex-
citation of the edge inputs [3” and 3”, Figure 3.14(a)] already considerably differs
from the sector one. The results obtained in this study allow us to draw a conclu-
sion that the excitation of one array input results in efficient excitation of only three
array cells just as it takes place in the array with power dividers and directional
couplers shown in Figure 2.12.

Comparison of the calculated and measured results presented here both for
the E-plane array and for the H-plane array with the data available in [2] shows
that shaping of the sector element patterns in the arrays of dual-mode waveguides
with simple slot elements of coupling is possible with quality corresponding to that
achieved in more complex arrays based on using power dividers and directional
couplers.
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Appendix 3A Calculation of the Scattering Matrix Elements for the
Slots in the Waveguide Walls

Consider the slot region in the E-plane array of dual-mode waveguides shown in Fig-
ure 3.4. The geometry of this region is separately depicted in Figure 3A.1. The wave-
guide width, element spacing, and slot width are the same as those in Figure 3.4.

Let the lower waveguide sections be excited in the TM,,, modes of unit ampli-
tude and phase increment Y between adjacent waveguides. The magnetic fields in
the lower and upper sections of the central waveguide are represented by superposi-
tions of TM modes

¥ . . -
Hyo(%,2) = & (Smne’ +Rne'%z)cos%(“‘”z) (3A.1)
n=1
¥
Hyi(x,2) = § Tpe” D) g (27 Dlx+al2) (3A.2)

n=1 a

with unknown amplitudes R,, and T,,.

The magnetic field in the slot region is represented by a superposition of Floquet
modes

ilyz

¥ . .
Hy(x,2)= & (Age’T7 + ByerTal# D) pioax (3A.3)

q=-¥

where A and B, are unknown amplitudes of the modes propagating or evanescent
in the positive and negative directions, respectively. The propagation constants of
the waveguide modes (3A.1) and (3A.2) as well as Floquet modes (3A.3) are deter-
mined by formulas (3.17) and (3.9).

Matching the fields (3A.1) and (3A.3) in the aperture of the lower section and
projecting the functional equation on the waveguide mode transverse functions, we
obtain algebraic equations

¥
Ry = - 8yun +(2- 810) & (Aq +Bgeq)Quq (3A.4)
q=-¥
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Figure 3A.1 Geometry of the slot region in the waveguide array of Figure 3.4.
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where n=1, 2, ...; e, =exp(i[,D), and

al2

Ong = 1 0 cos—(n - Drlx+al2) %% dx
a -al2 a

o 102 _ (- 1)n-1eiaqa/2 (34.5)

=ioga
T (aga) - (n- 12 a?

Similar projective matching of the fields (3A.2) and (3A.3) in the input aperture
of the upper section of the central waveguide at z = Dyields

¥
T, =(2- 81x) & (Ageq +By)Ong (3A.6)
q=-¥

The transverse electric field strength component E, in the waveguide sections
and slot region is determined by formula (1.104) applied to expressions (3A.1),
(3A.2), and (3A.3). This component must be continuous in the apertures of the
lower and upper waveguide sections and zero on the flanges. These conditions re-
sult in two functional equations. Projecting them on the Floquet mode transverse
functions exp(- ioy,x), where p = 0, £1, £2,... we obtain two more subsystems of
algebraic equations

¥
(Ap - Bpep)Tpbla =@ YulSmn - Ru)Omp (3A.7)
n=1
by )
(Apep - Bp)lpbla=Q vuTuQup (3A.8)
n=1

where the asterisk means complex conjugation.
Substituting (3A.4) and (3A.6) in (3A.7) and (3A.8), we reduce the latter two
to the system

¥
A& [(0pg + 8pgTyb/a)Ay +(Cpy - SpgTybla)eyBy1= 27 Omp (3A.9)
q=-¥
3
a [(O-pq - SPqub/a)quq + (O'pq +5Pqub/a)Bq] =0 (3A.10)
q=-¥
where
g .
Opg = a 2- 5ln)Ynanan (3A.11)

n=1
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The infinite algebraic systems (3A.9) and (3A.10) are solved by the method
of truncation with subsequent application of the Gauss elimination method. The
truncation should be performed by taking into account the problem of relative
convergence (see, for instance, the appendix to Chapter 5 in [23]). According
to that, the finite number of the Floquet modes in (3A.3) should be no less than
the number of the waveguide modes in (3A.1), (3A.2), or (3A.11) multiplied by
bla.

The amplitudes A, and B, determined as a result of the solution of the system
(3A.9) and (3A.10) are used for calculating the amplitudes of the reflected and
transmitted waveguide modes by formulas (3A.4) and (3A.6), respectively. These
amplitudes form the mth columns in matrices R™W and T, respectively, used in
system (3.16).

Note also that if we exclude the amplitudes B, from expression (3A.4) and
equations (3A.9), the indicated expressions will correspond to the waveguide array
aperture faced to free space. The amplitudes A, found as a result of the solution
in this case form the columns of the matrix of transmission coefficients T') for the
array aperture.

Appendix 3B Analysis of the Modified H-Plane Array Aperture

A fragment of the geometry containing the modified aperture of the array shown
in Figure 3.11 is presented separately in Figure 3B.1. The dual-mode waveguide
sections are assumed to be excited in TE, modes of unit amplitude coming to the
baffles. The incident modes have progressive phases with increment Y between
adjacent waveguides.

The total electric field in the dual-mode section of the central waveguide is de-
scribed by a sum of the TE modes

¥ . )
Eyo(x,2) = & (8yqe1"™) + Rye ’yq(“h"))sinw (3B.1)
q=1

with unknown amplitudes R, of the reflected modes and propagation constants
(3.29). The electric field in the left-hand section of the branching is represented in
the form

b z

R N

e” Re™ 1 R € Re"

h,
R

Figure 3B.1 Geometry of the modified waveguide array aperture in the H-plane.
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¥ . .
Eji(x,2) = § (AT S 4 B o )i

n=1

nr(x+al2)
c

(3B.2)

where A;, and B;, are unknown amplitudes of the forward and backward modes and

Yen = - (nmlc) = i(nmlc)? - k> (3B.3)

are propagation constants. The electric field in the right-hand section of the branch-
ing is written in a similar form

¥
E;l(x,z) - é (A;elycn(1+hb) +Ble WC”Z)sinM (3B.4)
n=1 ¢

with unknown amplitudes A}, and B}, while the electric field above the array aper-
ture is a superposition of the Floquet modes

¥
Ep(x,2)= Q Tyt (3B.5)
q=-¥

with unknown amplitudes T,,.

The electric field (3B.1) must be equal to the fields (3B.2) and (3B.4) in the
input apertures of the waveguide branching at z =—b;, and zero on the baffle face.
Projecting of this boundary condition on the transverse functions of the dual-mode
section results in expression of the reflected mode amplitude via the amplitudes of
the modes in the branching sections

¥
Ry =-8pq + < & [A; +Bren +(- )7 1A} + Byen) Py (3B.6)
a

n=1

where e, = exp(iy,,h;) and

al2+c
Py =2 0 sin nm(x+al) sin qr(x+all) dac
C C a
al2
al? nn(al2- x) n(x+al)
= — O sin sin dx (3B.7)
-7 ¢ c a
al2-c

_ sin[z(n - gc/a)]  sin[n(n +qc/a)
n(n- qcla) n(n+qcla)

In turn, the electric field above the aperture (3B.5) must be equal to the fields
(3B.2) and (3B.4) in the output apertures of the branching sections and zero on the
upper baffle face and waveguide flanges. Projecting this equality on the complex-
conjugated transverse functions of the Floquet modes, we obtain
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¥
gé [(Anen +By)Ong +(As: + Ble,)Og]

n=1

T, =

where

-al2+

YO nmlx+al2)
Owg=— (Q sin——e
€ Lan

- iaqxdx

(C1)e™ - 1 iagan

=nr
(aqc)z 2

- (nm)

(3B.8)

(3B.9)

Additional relations between the unknown amplitudes of the fields in the re-
gions of the structure necessary for solution of the problem are obtained by match-
ing the magnetic field strength transverse component H, determined by formula
(1.101) applied to expressions (3B.1), (3B.2), (3B.4), and (3B.5). The projective
matching of the transverse magnetic fields in the input (at z = - b;) and output (at
z = 0) apertures of the left-hand and right-hand branching sections by using the
orthogonality property of the transverse wave functions for the indicated sections

results in the algebraic equations

¥

(A = Buem)Yom = @ (8pg = Rg)VgPmg
q=1
+ + — g g-1
(Am - Bmem)7cm - a (6pq - Rq)Yq(' 1) qu
g=1

¥
(Al - By)Yem /2= & TylyOmg
q=-¥

¥
(Atem - Bi)Yeom/2= & TylyOmg
q=-¥

(3B.10)

(3B.11)

(3B.12)

(3B.13)

Substituting (3B.6) and (3B.8) in (3B.10) through (3B.13), we reduce the latter

to the algebraic system for unknown amplitudes A;,, B;,, A;, and B},

¥
é [(Glmn +6mn'}/cn)Af-1 +62mnA;

n=1

+(O-1mn - 5mn Yen )enBr_z +02mn enB;] =2 prmp

(3B.14)
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[O-ZmnA;z +(O-1mn + Smn Yen )A:z-
1 (3B.15)

i Qox

+02mnenBn HO1mn - Omn Yen )enB:;] =2(- 1)1)_ ! Ymep

¥
é [(C1mn - Omn YCn)enA;z +62mnenA;
n=1 (3B.16)

+(6lmn +6mn Yen )B;L +62mnBZ] =0

[6-3mnenA;t +(6'4mn - 5mn Yen )en A;

1 (3B.17)

i Qox

+63mnBr_z +(64mn +6mn Yen )B;] =0

wherem=1,2,...; and

¥
Clonn :ié YaPrigPug (3B.18)
g=1
cd
G2 =—a (- V)7 Y4By Prg (3B.19)
q=1
_ 2¢ ¢ \
Gin = f & 1,00 (3B.20)
q=-¥
_ 2c g * *
G =% a ;000 (3B.21)
q=-¥
_ 2¢ &
O = - a 0100 (3B.22)
q=-¥
_ 2¢ & «
Camn = a 0m0ng (3B.23)
q=-¥

The system of (3B.14) through (3B.17) is solved by the method of truncation
with subsequent application of the Gauss elimination method. If, when truncating,



Appendix 3B Analysis of the Modified H-Plane Array Aperture 119

N first waveguide modes of each direction are taken into account in each section
of the branching resulting in the system order 4N, one should account for no less
than Na/c modes in the dual-mode section and no less than Nb/c Floquet modes in
free space. The amplitudes A;,, B;, A}, and B}, found as a result of solution of the
system are then used for calculation of the reflected waveguide mode amplitudes
(3B.6) and radiated Floquet mode amplitudes (3B.8). The indicated amplitudes are
elements of the generalized matrices of reflection coefficients R® and transmission
coefficients T?.






Arrays with Reactively Loaded Radiators

4.1

On Application of Reactive Loads in Array Antennas

The overlapped subarrays with sector radiation patterns in the arrays considered
in the previous two chapters are formed by using coupling elements specially in-
troduced between constrained transmitting lines over which the microwave power
comes to array radiators. Meanwhile, it is well known that natural mutual coupling
over free space always exists between the radiators. In some cases, such interaction
between the radiators can cause the undesirable blindness effects [1]. However,
there are the cases when the mutual coupling over free space can be used effectively.
This was done in [2, 3] for synchronization and phasing of self-excited oscillators in
active transmitting phased array antennas. The authors of [4] proposed to arrange
rows of passive reactively loaded waveguides between driven waveguides for elimi-
nation of the blindness effects. The paper [5] described application of reactively
loaded elements in adaptive phased arrays for communications systems, while [6]
demonstrates control of the scattering properties of radar targets by means of reac-
tive loads. A general approach to the design synthesis of the array antennas with
reactive loads has been formulated in [7]. Some examples concerning a solution
of the synthesis problem formulated for nonscanning arrays with sector, cosecant,
and directive beams can be found in [8] (an array of impedance filaments), [9, 10]
(waveguide arrays), and [11-13] (dipole arrays).

Application of the passive reactively loaded radiated in phased arrays designed
for shaping sector partial radiation patterns is illustrated by the networks shown in
Figure 4.1. Only small portion of the radiators here is excited by the signals coming
directly from the phase shifters. All the other radiators are passive. Their excitation
is provided due to their coupling with the driven radiators and between themselves
over free space, while the array characteristics are determined by the reactive load
values. The reactive loads in such an approach play the role of a beam-forming
network (like those considered in Chapter 2), although the network itself is either
absent completely [Figure 4.1(a)] or has the simplest configuration [Figure 4.1(b)].
Effective shaping of the sector partial patterns in such arrays is possible only at
sufficiently strong interaction between the driven and passive radiators. Such an
interaction can be provided between parallel nonstaggered dipoles in the H-plane
[11-13] or between rectangular waveguides in the E-plane [9, 10]. The possibility
of the grating lobe suppression by using passive radiators has been considered in
[14, 15]. These works analyze linear arrays of controlled dipoles where only one
passive dipole is arranged between two adjacent driven dipoles. Because of insuf-
ficiently strong coupling, the effectiveness of the grating lobe suppression there is

121



122

Arrays with Reactively Loaded Radiators

(a)

(b)

Figure 4.1 Networks of phased array antennas with reactively loaded radiators excited over free
space from (a) one and (b) two controlled radiators in a cell.

lower than in the arrays using beam-forming networks. Therefore, the radiators in
the networks shown in Figure 4.1 must be arranged sufficiently close to each other;
hence, the number of the passive radiators must be sufficiently large.

If one controlled radiator in the array cell [Figure 4.1(a)] is insufficient for
excitation of the subarray including radiators of no less than three cells, then two
controlled radiators can be used and arranged near the cell edges as shown in Figure
4.1(b). Other approaches to forming subarrays of necessary extent are the arrange-
ment of either the driven radiator above the cell aperture or passive scatterers in
front of the driven radiator. The latter approach has been implemented in a C-band
waveguide array [16] whose module is shown in Figure 4.2. The module consists
of linear arrays of rectangular waveguides excited by H-plane horns having dielec-
tric plates on the walls for providing a uniform amplitude distribution in the horn
aperture [17, 18]. The waveguides contain feedthrough phase shifters for provid-
ing wide-angle beam scanning in a +40° sector in the H-plane (horizontal plane in
Figure 4.2). The space between the controlled linear arrays arranged with spacing
3.427 s filled in with corrugated structures formed by short-circuited parallel-plate
waveguides. The latter are effectively excited due to the scatterers installed in front
of the linear arrays as well as in front of some passive parallel-plate waveguides.
The positions of the short circuits determining the reactive load values as well as the
positions of the scatterers have been selected so that each linear array forms a sector
radiation pattern providing high gain in the sector of £6.5° in E-plane.
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Figure 4.2 Phased array antenna module of C-band for wide-angle scanning in horizontal (H) plane
and in sector of £6.5° in vertical (E) plane.

The possibility of shaping the sector partial patterns (or controlled element pat-
terns) in arrays employing reactively loaded radiators is studied in this chapter by
using two models. The first model is a modulated corrugated structure excited by
specified electric and magnetic currents arranged above the structure [19]. In the
second model, a small portion of the parallel-plate waveguides are excited by TEM
waves of specified amplitudes, while all the other wavegudes contain short circuits
[20, 21] whose positions determine the values of the reactive loads.

4.2 Modulated Corrugated Structure Excited by Electric
and Magnetic Currents

The infinite corrugated structure with modulation period b arranged in rectan-
gular Cartesian coordinate system Oxyz is shown in Figure 4.3. The structure is
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=10 1T.m..M..

Figure 4.3 Modulated corrugated structure excited by electric and magnetic currents.

assumed to be perfectly conducting, uniform along the y-axis, and consisting of sort-
circuited parallel-plate waveguides of identical width with infinitely thin walls. Let
M be a specified number of waveguides per period, a = b/M be the waveguide width,
and h,, be distance from the aperture to the short circuit in the mth waveguide sat-
isfying the condition of periodicity

beMq = hmy q=0,£1,22,... (4.1)

Of primary interest is the radiation pattern corresponding to excitation of the
structure by local sources arranged, for instance, in region S, above the waveguide
apertures. To solve the problem of such a local excitation, we will use a known
approach that first solves a problem of quasi-periodic excitation and then uses a
relation between the fields corresponding to both types of excitation (see Chapter 1

or [22, 23]).

4.2.1 Quasi-Periodic Excitation

Let the structure be excited by electric and magnetic currents located in a periodic
system of regions S, where ¢ = 0,£1,%2, .. ., formed by parallel transfer of the
region S along the x-axis with period b in a strip 0 <z, £ 2 £ 2., (Figure 4.3). We
will assume that the current distribution is independent of y and that the currents of
adjacent regions differ only by the factor exp(iU), where U is the phase difference
determining the main lobe direction. So, we write the current distribution as

¥
iU x,2) = A Wy(x,2)j™ (x - gb,z)e'1Y (4.2)
q=-¥

where j*™(x,z) are vectors of the electric and magnetic current density in S, with
nonzero components jx(x,z2), jz (x,2), and /' (x,2), and

1 13 (xa z) T Sqa
W (x,2) = | .
10, (x,2) I $4

is the characteristic function. The indicated current distribution corresponds to the
case of H polarization defined in Chapter 1.
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The total electromagnetic field to be determined may be expressed via the trans-
verse component of the magnetic field H,, which we represent in the form

Hy(U,x,2) = y(U,x,2) = yo(U,x,2) +y* (U, x,2) (4.3)

where y is the field created by currents (4.2) in the absence of the structure, and y*
is the field scattered by the structure.

The field y; being of interest for further operations in the regions z < z,,;, and
2> Zax €an be found via vector potentials determined by currents (4.2) as

. ¥ ‘
A" (U, x,2) = i A" (x620 & VH (kp,)1dS (4.4)
So q=-¥

where

pg =(x - x6 gbP +(z- 2¢?

and H(()l)(. ..) is the Hankel function of first kind and zero order (the time depen-
dence is assumed to be taken in the form e /®?). Applying the Poisson’s summation
formula [24] to (4.4) as well as formulas (1.22) we obtain the following superposi-
tion of the Floquet modes

¥ . .
woU,x,2)= § Bj(U)e" 1o (4.5)
q=-¥
with amplitudes
B(U) = 5 Qe F Ty - ki ole” 0<% (4.6)
T, % g

and propagation constants

o = U+2nq

! b (4.7)
Iy =\/k2- aé =z’\/a§- k?

The upper and lower signs in (4.5) and (4.6) should be taken at z > z,,,, and
2 < Zpmin, respectively.

When determining the scattered field y*, we will suggest that only the domi-
nant TEM modes are propagating in the waveguides (i.e., a < A/2), while the short
circuits are arranged sufficiently far from the apertures so that their interaction with
the apertures over higher order modes arising at the apertures as a result of scatter-
ing is negligible.

When the structure is illuminated by field (4.5), the TEM-modes propagating in
both directions are formed between the waveguide apertures and short circuits. Let
us continuously extend the field of those modes in each waveguide down to - ¥, and
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take into account the presence of the short circuits as follows. Let A,,(U) be the ampli-
tude of the TEM mode coming to the mth waveguide aperture. Then the amplitude of
the mode going down from the aperture will be equal to A,,(U)exp(- i2kb,,), so that
the total transverse electric field vanishes on the short circuit. As a result, we reduce the
initial problem of determining the scattered field y* to two classical problems. The
first corresponds to excitation of the structure without the short circuits by the Flo-
quet mode field (4.5). The second corresponds to excitation of the same structure by
the waveguide TEM modes coming to the apertures.

The first problem is solved similarly to the problem of a plane wave scattering
considered, for example, in [25]. Applying the method of factorization [25] to our
problem and using the principle of superposition, we obtain the field reflected from
the waveguide apertures back to the free space region z > 0

By U)oy Gy+(Iy)
(k+TI4)a

Wi(Us x,Z) =-
q

III QJO’K

¥

10 g+ M X+l g4 Mn?

5_ (- 1)" OCq+Man+(Fq+Mn)e
n=-¥ (k + Fq+Mn)(Fq + Fq+Mn)Fq+Mn

and the amplitudes of the TEM modes going from waveguide apertures in the re-
gionz <0

Gy+(Iy) sin(agal2) M0

¥
0 A me (4.9)
. q—a-¥ i )Gq+(k) agal2
where

cos(ka) - cos(a,a)6"*  saa. -6

G = q 2 ‘71 2;

q+(@) & sin(ka) 5 eXpg - n2e
’ (1+a/F0)é (1+ o/ Tgamp)(1+ 0t/ T'g- mp) (4.10)

p=1 1+aly,

is a function analytical and nonzero everywhere in the upper half-plane of complex
variable o, and

vp = k% - (prla) = iy(pmla) - k>

are propagation constants of the waveguide modes. Changing the order and sum-
mation indices in (4.8), we rewrite the latter in a form more convenient for the
further calculations:

¥ . .
WU, x,2)= & Dy(U)e % e (4.11)
q=-¥
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where

n Bé+Mn(U)aq+Man+(Fq+Mn)
(k + Fq+Mn)(Fq + Fq+Mn)

(4.12)

Consider now the second problem. Let the structure without the short circuits
be excited by the TEM modes coming to the apertures with amplitudes A,,(U) sat-
isfying the condition

Aprig(U) = A, (U)e 7Y (4.13)

resulting from (4.1) and (4.2). Taking into account (4.13), we represent the field
exciting the structure in the form

) M-1 ¥
vh(U,%,2) = & An(U)e ™ & Quentglx,2)e’ ™M (4.14)
m=0 q=-¥

where # = U/M and

ieikz, lx - mal<al2
Qum(x,2) =1 (4.15)
0, lx-mal>al2

Since
M-1 I =
é i 2mp(n=m)/ M =1I,M’ n=m+Mq
=0 10, nt*m+Mgqg, q=0,%1,...

then

¥ ' 1 M- ¥ '

é Qm+Mq(x,z)ez(m+Mq) L é e-zln’pm/M é Qq(x,z)ezq(u+27tp/M)

q=-¥ M m=0 q=-¥

and therefore

. M-1 M1
vy (U,x,2)= & AnU)e ™ & wi(u+2mp/ M,x,z)e” 2™'M (4.16)
m=0 p=0
where
vo(u,x,2) = Q Qqlx,z)e"" (4.17)
q=-¥

The expression (4.16) relates the excitation fields (4.14) and (4.17). According
to the principle of superposition, the same relation will take place for the scat-
tered fields corresponding to the excitation fields. The solution of the problem cor-
responding to excitation of the parallel-plate waveguide array by field (4.17) is
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known (see, for example, [22, 25]). Accounting for the notations used in (4.7), we
write that solution as

¥ . .
Yol x,2) = @ Bylu)e ™M (4.18)
q=-¥

where

-1)7 i 5 (Mg - k )

(- D7omg 2s1n(u/2)exp§.( Mg )alnzg

FMqa k- FMq e T u
k F0+FMq'¥' 1+k/y,

k+FMq Io+k 1+FMq/}/p (4.19)

By (u) =

p=1
. A (U4 Twig ! Tip) 1+ Taig / T pp)

p=1

Using (4.16) and (4.18), we obtain the following expression for the field scat-
tered by the array in the region z > 0

M
a Am(U)e_mma e—zZn’pm/M

m=0 p=0

/=

v (U,x,2) =

(4.20)
B (u+2mp | M)e' a1l p+maz
¥

N
III QJO‘K

q

where we have accounted for oy, (U +27p) = o4, 4 pq (U).

The amplitudes A,,(U) in formula (4.20) are still unknown. To determine them,
we will use a technique similar to that described in [1]. The TEM modes going down
from the apertures are created not only by interaction between the waveguides as
takes place in [1], but also due to the field (4.5) exciting the waves with amplitudes
(4.9). Accounting for (4.13), we may express that fact for waveguide with number
0 in the following form

M-1 ¥
Ape K0 =Ty + & A, & Crenmge'?? (4.21)
m=0  g=-¥

where C,, is the coefficient of coupling between two waveguides with the differ-
ence of their numbers equal to m. Carrying out some elementary transformation in
(4.21), we may rewrite it as an algebraic equation:

M-1
AQU)[Ro(U/M)- & ?k01+ & AB(U)R,,(U/M) = - TRU) (4.22)
m=1
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where
AB(U) = A, (U)e UM

TEU) = T, (U)e” UM (4.23)
¥ .
Ron(u)= @ Consntge""™ ™M1
q=-¥

Considering similarly the waveguides with numbers 1,2, ..., M- 1, we obtain
M - 1 more algebraic equations for A¢,(U)

n-1
& ASU)RMm- U/ M)+ ASU)[Ro(U /M) - ¢ 12kbn]
- (4.24)
M-1
+ A ABUR-nU/M)=-TgU), n=1,2,...,M- 2
m=n+1
1\/{;2
a A4U)Ru+1 (U M)
=0 (4.25)

+Af-1(U)[Ro(U/ M) - & 2km-1] = - Tg 4 (U)

To calculate functions (4.23) determining the matrix elements of (4.22), (4.24),
and (4.25), we take advantage of the properties of the function

¥ .
R)= § Cpe™ (4.26)
n=-¥

which is the reflection coefficient of the parallel-plate waveguide array excited by
field (4.17). Rewriting (4.26) in the form

and replacing # by u + 2zp/M, p = 0,1,2, . . . , M - 1, we obtain the following
algebraic system

o
A Ry(w)e*™'M = R(u+27mp/ M) (4.27)

m=0

Solving (4.27), we determine R,, (). To calculate function (4.26) itself, we may take
advantage of the exact formula [22]

1-(/(- Io)/(k+Ty), |ulfka

R(u)= 250 (4.28)
fexp(-2iarctg| Iy / k1), lul>ka
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where

ax

¥ ..
S(x)=-—In2+ é_ a\earctgL + arctgL - arctg x 9 (4.29)
n—lg IT. Mn

| Ty, | | |y, |2

Formula (4.28) is convenient for performing calculations at lul £ 7. If lul > 7, one
may use its property of periodicity R(u +27qg) = R(u), ¢ =0, £1, . ..

Thus, the expression (4.20) and the subsequent algorithm yield the solution of
the second problem. The total field scattered by the structure in the region z > 0 is
determined by summation of the fields (4.11) and (4.20).

4.2.2 Radiation Pattern at Local Excitation

Let now the structure be excited by the current distribution j*”(x,z), localized only
in the region S (Figure 4.3). This distribution relates to the quasi-periodic distribu-
tion (4.2) by means of a linear operator of integration over phase U

e 1 e
j© (x,z)ZE oy (U,x,2)dU (4.30)
-

According to the principle of superposition, the same relation will be valid for
the fields corresponding to the current distributions (4.30) and (4.2). Therefore, the
radiation pattern of the structure excited by the currents (4.30) may be expressed
as follows:

1 T
F(6) =—— OF,(U,6)dU (4.31)
2r
-
where 6 is the angle measured from the z-axis and F,(U,6) is the radiation pattern
of the structure at excitation of it by currents (4.2). This pattern is determined by
the field distribution at height » >z, as follows

e ikhcos@
b

¥
cosf .

Ol//(U,x,l’))e- ikxsin@dx (4.32)
¥

F,(U,6) =

Substituting yin (4.32) by the sum of fields (4.5), (4.11), and (4.19), we obtain

FP(U,G) - Zn_e-i/ehcosGCose

’r ¥ . iTyh ;

| & [B](U)+ Dy(U)le! " 5(U - kbsing +21q)

Tq=-¥

e v y (4.33)
+1 & ABUIE PN @ Byl(U +2mp)/ M)

m=0 p=0 =¥

, eirp+Mqh5[U_ kbsin9+ 27t(P+M4)] “

—_—N— (—
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where (. . .) is the delta function. Substitution of (4.33) in (4.31) yields final expres-
sion for the radiation pattern of the structure at local excitation of it

F(6) = ng (kbsin6) + Dy (kbsin6)

M-1 O
+iBo(kasin9) é_ Af(kbsin6)(cos6 (4.34)
M m=0

in which B and D are determined from (4.6) and (4.12), respectively, Ag,(U) are
calculated as a result of solution of equations (4.22), (4.24), and (4.25), and By, is
determined by formula

2k isik)-
By(u) = il /15(k)-S(Io)]

resulted from (4.20) and (4.29). Note that the infinite series (4.12) converges so
fast that accounting for only the zero order term is sufficient for calculation of D

at Zmin > 4.

4.2.3 Shaping of Sector Radiation Pattern

The expression (4.34) for the radiation pattern of the structure excited by localized
sources as well as the algorithm developed earlier for calculating the coefficients
used in (4.34) allow us to consider the problem of shaping the sector radiation pat-
tern. Let the structure be excited by two filamentary Huygens elements arranged
at height z, above the waveguide apertures and spaced at distance 2x, from each
other. Such a choice is made because the Huygens element is a simple and suffi-
ciently good model of an aperture feed, and selection of the distance between the
filaments allows us to control the field of illumination. The components of the feed
current density are specified in the form

7 (%x,2) = - jy' (x,2)/ Mo

:%5[5(x+xo)+5(x- x0)]6(z - z0) (4.35)

js(x,2) =0, (£x0,20)1 Sp

where the relation between the amplitudes of the electric and magnetic currents has
been chosen to steer the feed radiation pattern toward the structure. We will also
assume that the structure is symmetric with respect to the coordinate system origin;
that is,

b =bpy m=0,1,2,... (4.36)

and therefore the radiation pattern of the structure will be an even function of the
observation angle 6. This condition allows restricting the consideration of the pat-
tern only by 63 0.
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The problem of synthesis of the sector radiation pattern at the conditions in-
dicated previously may be stated as follows: it is required to find such positions of
the short circuits #,,, which provide minimum of the maximum pattern level in the
region of the grating lobe movement 7; with respect to the minimum pattern level
in the region of the main lobe scanning 7; that is, to find minimum of the following
function of many variables

olh) = r;a;f 'F<9)V3?i£ IF()! (4.37)

where b is the vector of the short-circuit positions that contains 1 + M/2 compo-
nents for even M or (1 + M)/2 components for odd M with accounting for the ge-
ometry of the structure (Figure 4.3) and symmetry relation (4.36). The half-width
of the scan sector 1 is specified in the form

Omax = arcsini (4.38)

20b

where {3 1 is the element use factor (see Chapter 1 or [26]), which is also assumed
to be specified.

The solution of the synthesis problem stated earlier has been obtained using
a developed FORTRAN code including subroutines calculating the pattern (4.34)
and the objective function (4.37), as well as a subroutine performing a search for a
minimum of (4.37) on the basis of the method of deformable polyhedron described
in [27]. Some results of the sector pattern synthesis are presented in Figure 4.4. The
geometric parameters corresponding to the patterns are given in Table 4.1.

Note that as it follows from the system of equations (4.22), (4.24), and (4.25),
as well as from expression (4.34), the pattern will not be changed if we add an
entire number of half-wavelengths to the found positions of the short circuits. The
nonshaded regions in Figure 4.4 correspond to the scan sector of the main lobe
(0 £sinb £ sin6,,,,) as well as the regions of the grating lobe movement. The shaded
regions were excluded from the consideration in the process of calculation of the
objective function (4.37).

The presented examples show that the radiation pattern level in the grating lobe
regions does not exceed —13 dB, which may be acceptable for some applications.

The results have shown that two spaced current filaments are preferable than
one filament for the sector pattern synthesis at zy > A/2. This feature can be ex-
plained as follows. The radiation pattern of the structure without the short circuits
is determined by the first two terms in square brackets of (4.34). This pattern cor-
responding to one current filament exciting the structure is shown by the dashed
curve 1 in Figure 4.4(c). As we see, this pattern normalized to the filament pat-
tern maximum has rather high sidelobes. The use of two filaments arranged at an
appropriate distance from each other allows significant reduction of the sidelobe
level, as demonstrated by the dashed curve 2 in Figure 4.4(c). This, in turn, creates
favorable conditions for shaping the sector flat-topped pattern corresponding to the
third term in (4.34) depending on the short-circuit positions. The selection of fila-
ment spacing is performed as follows. The analysis of the first and second terms in
(4.34) shows that they have a common factor cos(kx sin6). Therefore, if we choose
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Figure 4.4 (a-c) Radiation patterns of the structure with parameters indicated in Table 4.1 at local
excitation by currents (4.34).
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Table 4.1 Geometrical Parameters Corresponding to the Radiation Patterns Shown in Figure 4.4

Figures  xy/A /A bIA M ¢ b A  m=0,1,..., M2

4.4(a) 0.000 020 15 10 14 0474 0.585 0.620 0.531 0.832 0.580
4.4(b) 0.258 100 1.5 10 1.5 0.525 0.537 0.599 0.734 0.576 0.562
4.4(c) 0255 133 20 10 1.6 0.691 0.578 0.587 0.700 0.621 0.629

xo = 7/(2k sin@@, where 0¢is the angle corresponding to the highest sidelobe posi-
tion, the indicated factor vanishes in the direction of 8¢and the level of the other
sidelobes gets low.

4.3 Modulated Corrugated Structure with Active Waveguides

The second model to be considered corresponds to the arrays with reactively loaded
radiators schematically shown in Figure 4.1. The model is an infinite periodic struc-
ture of parallel-plate waveguides presented in Figure 4.5, where b = (a + t)M is the
period, a is the waveguide width, # is the waveguide wall thickness, M = M¢+ M®is
the total number of the waveguides on the period with M¢being the number of the
active waveguides excited in the TEM modes of specified amplitude, and M@&is the
number of the passive waveguides excited due to interaction with the active guides
and between themselves over free space. The passive guides are provided with short
circuits, the positions of which determine the values of the reactive loads. The short-
circuit positions form a periodic function of the waveguide number; that is,

Byemg =hmy m1 M@ q=0,£1,£2,... (4.39)

The waveguide walls and short circuits are assumed to be perfectly conducting.

The array element pattern here is the array pattern corresponding to excitation
of the active waveguides located on only one period (in one array cell). The active
guides of all the other cells are assumed to be loaded with matching resistances, as
shown in Figure 4.5. Let the active waveguides of the central cell be excited by the
TEM mode field that we write in the form

Hi(x%,2) =¥ (6,2) = & AnQum(x,2) (4.40)
ml M¢

where A,, is a specified amplitude and Q,,(x,z) is the function defined by formula
(4.15). Further, we will suppose that the waveguides are single-mode ones, and the

C L[ LT

$ $ $ $

..=101 ... m.. M
Figure 4.5 Modulated corrugated structure excited from active waveguides.
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short circuits are arranged sufficiently far from the apertures so that their interac-
tion with the apertures over evanescent higher order modes is negligible. At the
indicated conditions, it is required to determine the array element pattern at excita-
tion (4.40).

4.3.1 Analysis and Synthesis

We determine the array element pattern via the array pattern corresponding to ex-
citation of all the active waveguides by the specified field

¥
VplUsx,2)= & An & Quentglx,2)e” (4.41)
ml Mt g=-¥
satisfying the condition of quasi-periodicity
vp(U,x+b,2) =y (U, x,2)e" (4.42)

and related with the field (4.40) by means of the transformation
. 1 " .
V/l (X,Z) = E OV/;;(U,X,Z)dU (443)
-

Since the structure under consideration is periodic, the total field correspond-
ing to excitation (4.41) will also satisfy the condition (4.42). In particular, formula
(4.13) will be valid for the amplitudes of the TEM modes coming to the apertures
of all the waveguides. With accounting for (4.13), the array pattern corresponding
to quasi-periodic excitation (4.41) is determined by formula

M-1 . ¥
E,(U,6) = 27f(0) & An(U)e” ™ka%in® & §(U - kbsing - 27q) (4.44)
m=0 q=-¥

where at= b/M, 0 is the observation angle measured from the z-axis, f(0) is the pat-
tern of a waveguide embedded in the array without short circuits, and (. . .) is the
delta function. Applying the operation (4.43) to the pattern (4.44), we obtain the
array element pattern corresponding to excitation (4.40)

M-1
F()=f(6) & Ag(kbsin®) (4.45)

m=0

where A§,(U) = A,,,(U)exp(- imu) and u = U/M.

The amplitudes of the backward waves going from the passive waveguide ap-
ertures to the short circuits are related to the forward wave amplitudes A, (U) as
A,(U)exp(-i2kh,), where n 1 M@ and determined via the coupling coefficients by
formula

M-1 y
An(U)exp(-i2khy) = & An(U) & Co-nemge™ (4.46)
m=0 q=-¥
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where C,, is the coupling coefficient corresponding to a pair of waveguides, the
difference of numbers of which is equal to #. Multiplying (4.46) by exp(- imu) and
carrying out simple operations, we obtain the following system of linear algebraic
equations for Ag,(U):

A AU R nlte) - Sy exp(-i2kh)| = @ AU (1) (4.47)
ml M@ ml M¢

where n 1 M@and §,,, is the Kronecker symbol. The functions R,(U) are deter-
mined by (4.23) and calculated by means of solution of the linear algebraic system
(4.27). The values of the reflection coefficient R(U) standing in the right-hand side
of (4.47) and corresponding to the array without the short circuits are calculated
either by using rigorous formula (4.28) valid for the walls of zero thickness or by
using the mode-matching method [28, 29] or the integral equation method [1] in
the general case. Note that the system (4.47) differs from the system of equations
(4.22), (4.24), and (4.25) mainly by the right-hand side, determined by amplitudes
of the waves excited from specified sources. In the case in question, the indicated
amplitudes are specified in (4.40), while those considered in Section 4.2 are deter-
mined by electric and magnetic currents arranged above the structure.

Thus, the calculation of the array element pattern (partial array pattern) at
specified positions of short circuits is reduced to successive solution of two linear
algebraic systems (4.27) and (4.47). The dimension of the former equals the total
number M of the waveguides in the cell, while that of the latter equals the number
M2 of the passive waveguides in the cell.

The technique described here is a part of the procedure designed for solving the
problem of synthesis of the array with the sector element pattern. We state the syn-
thesis problem as follows. Provided that the array period b, positions and number
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Figure 4.6 Element pattern (——), radiation efficiency (- —-), and geometry of array with b=1.64,
M=10, M¢&1, and t =0.
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of active and passive waveguides on the period, amplitudes of incident waves in the
active waveguides, and scan sector 7, width 6 £ 6, < arcsin[A/(2b)] are specified,
it is required to find the short-circuit positions in the passive waveguides, at which
the objective function

g(h) = min [F(6)| (4.48)

ol 7y

achieves its maximum value. We will also suppose that, together with the condition
of periodicity (4.39), the structure is mirror-symmetric with respect to the middle
of the array cell.

4.3.2 Calculated and Measured Results

Some results of the synthesis of the waveguide arrays with corrugated structures
[21, 30-32] are presented in Figures 4.6 through 4.9. Numerical experiments have
shown that the sector element patterns of relatively good quality in arrays with pe-
riod from one to two wavelengths may be obtained using only one active waveguide
per period. Two active guides in each cell should be used for array periods from
two to four wavelengths. The total number of the waveguides in each cell should be
chosen so that the waveguide width is of the order of 0.1A to 0.2A.

To characterize the array match to free space when scanning, we use the array
radiation efficiency determined by formula [21]

& |Ro.(U)P

U)y=1-n=Me (4.49)
L 2 1A, P
nl M¢
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Figure 4.7 Element pattern and geometry of array with b=1.84, M=12, M¢&1, and t=0.
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Figure 4.8 Element pattern and geometry of array with b =34, M =20, M¢& 2, and t=0.

where

M-1
Ron(U) =™ & AB(U)R- n(u (4.50)

m=0

—

are complex amplitudes of the TEM waves reflected back from the apertures of
the active waveguides. The calculated radiation efficiencies (4.49) are shown in Fig-
ures 4.6 and 4.9 by dashed lines. These results show that the sector element patterns
can be realized at relatively good match of the array to free space.
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Figure 4.9 Calculated (——) and measured (- - - -) element patterns, radiation efficiency (---), and
geometry of array with b =3.424, M =22, M¢=2, and t=0.035A.
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Figure 4.10 Breadboard of a C-band array with modulated corrugated structure.

The theoretical results obtained for the array with period b = 3.421 have been
used for the development of an experimental breadboard for a C-band array shown
in Figure 4.10. The corrugated structure comprises three array cells in the E-plane.
It is excited through a two-channel power divider and two H-plane horns. The
lateral slots corresponding to active waveguides of the structure are provided with
matching loads. The measured radiation pattern of the central array element is
shown in Figure 4.9 by a dotted line. We can see good agreement between the cal-
culated and measured results in the region of the sector beam and only small differ-
ence between the results in the sidelobe radiation region. These results characterize
good agreement between the theoretical model and real design.
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Wave:quide Arrays with Protruding
Dielectric Elements

As shown in Chapter 4, the natural mutual coupling between array radiators over
free space can be effectively used for the formation of overlapped subarrays with
sector radiation patterns. The feeding system of the subarrays with reactively
loaded radiators in this case is significantly simplified in comparison with the feed-
ing systems based on the multiport beam-forming circuits considered in Chapter 2.
However, sector patterns of high quality can be formed only at sufficiently strong
interelement interaction. Realization of such interaction between linear dipoles or
open-ended waveguides considered in Chapter 4 requires the use of large number of
the indicated radiators densely arranged in each array cell. There exists another class
of radiators between which strong interaction can be realized. This class includes
radiators of longitudinal type, in particular, dielectric rods. Such radiators, being
sections of open transmitting lines, can support traveling waves, which provide
the required interaction. Since the interaction occurs with wave traveling along the
radiator, the coupling is mainly transferred in the direction of the wave movement.
Therefore, unlike the arrays of open-ended waveguides or dipoles, the interaction
between inputs of dielectric rods is considerably weaker, and that is their positive
feature. Another positive feature is the possibility of using only one longitudinal ele-
ment in the array cell with transverse dimensions up to one wavelength and a half,
and this may be simpler than a few reactively loaded waveguides or dipoles in each
cell. Moreover, the design of such a radiating structure may be very simple because
a dielectric radiator is just an extension of waveguide filling protruding beyond the
aperture.

5.1 Waveguide-Dielectric Arrays and Structures

Array antennas with dielectric radiators have been known since 1950s. A labora-
tory breadboard of a scanning array consisting of four hollow dielectric bars with
waveguide excitation designed in 1955 is described in [1]. Paper [2] of 1963 (see
also [3]) presents results of a study demonstrating shaping a flat-topped pattern
of £32° width corresponding to excitation of the central element in a linear five-
element array of polystyrene rods of 64 length arranged with 0.75A element spacing,
where A is the operating wavelength. Application of dielectric protrusions for im-
provement of waveguide array match with free space is studied in [4] of 1967. A
nine-element linear array of ceramic rods operating in the X-band is described in
[5]. Reference [6] describes shaping of a sector element pattern in an infinite array
of dielectric plates arranged on a screen and excited by specified currents. There has
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been demonstrated a sector pattern of £30° width shaped at plate height of 3.44
and element spacing of A, as well as a sector pattern of £21° width shaped at plate
height of 6.81 and element spacing of 1.35A. The mechanism of shaping flat-topped
partial patterns in arrays of dielectric-rod elements is discussed in [7, 8], using an
approximate approach to calculation of the dielectric structure eigenmodes and
without accounting for real conditions of the rod excitation. Survey [9] contains
cases of applications of dielectric rod radiators in a number of X-band mobile radar
arrays for shaping flat-topped element patterns. In particular, an element pattern
of +42° width is formed in the principal planes of one of the hexagonal radar array
with element spacing of 0.755A.

One of the relatively recent developments in the area in question is a K ,-band
array [10] consisting of large-aperture phased transmit/receive modules of reflective
type [11]. One such module is shown in Figure 5.1(a). The module has transverse
dimension of about 704 and comprises about 3,600 waveguide-rod radiators ar-
ranged in a hexagonal lattice with element spacing of 1.1A. The indicated spacing
has been dictated by transverse dimensions of ferrite phase shifters [12] used in the
array. The radiating structure of the module was designed experimentally [13] using
a small breadboard shown in Figure 5.1(b). The diameter of the circular waveguide
and, respectively, a protruding dielectric rod having cylindrical-conical shape was
selected to provide the best match of the array to free space, while the protrusion
length was determined to form a flat-topped element pattern suppressing the array
factor grating lobes appearing in the visible space when scanning the main beam.
As a result, there was obtained a flat-topped element pattern of width £25° in the
principal array planes. The module [11] has become a base for development of a
self-dependent radar [14], where the initial module feed has been replaced by a
monopulse one. Another recent example demonstrating application of the dielectric
rods is an active phased array antenna designed for a stratospheric communication
system considered in [15].

Another type of dielectric radiator for arrays of the K, and higher frequency
bands where the rod radiator dimensions are small has been proposed in [13, 16].
This radiator is an integrated element of a perforated dielectric plate 2 shown in
Figure 5.2(a, b), which is arranged on a metallic plate 1 having waveguide chan-
nels. The lower face of the dielectric plate has protrusions 3 shown in Figure 5.2(a),
where the plate 2 is depicted in its elevated position. The indicated protrusions
enter the waveguide channels in plate 3 and serve as matching elements between
the waveguides and dielectric radiators. The holes in the plate forming the dielectric
radiators are performed in such a way that their axes are placed between the axes
of the waveguide channels. The upper face of the dielectric plate has dimples ar-
ranged just on the waveguide axes serving for matching the plate to free space. The
element patterns of the array with a polyethylene plate corresponding to excitation
of the central waveguide in the TE;; mode of circular polarization measured in the
horizontal and vertical planes are shown in Figure 5.2(c). These patterns are close
to the patterns of the corresponding dielectric rod array element available in [14].

Note that the holes in the plate may be nonreach-through ones [13, 16]. The
function of the dielectric radiators in this case is combined with the function of a
dielectric radome. One of the modifications of such a structure in the form of the
rectangular bars supporting a dielectric layer has been analyzed in [17].



5.1 Waveguide-Dielectric Arrays and Structures 145

(b)

Figure 5.1 (a) Module of K -band waveguide-rod array of reflective type [10], and (b) a breadboard
used for optimization of the radiating structure.
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Figure 5.2 (a) Sketch of circular waveguide array with dielectric structure, (b) photograph of poly-

ethylene structure, and (c) measured central element power pattern in horizontal (——) and vertical
(- +—+-) planes.
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5.2 Overview of the Methods and Results

The attractiveness of using dielectric elements protruding from waveguides as
phased array radiators initiated and stimulated development of the methods for
analysis of the arrays with such elements in rigorous statement of the problem over

a few latest decades. The literature describes a few methods that can be applied to
solution of the problem.
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5.2.1 Mode-Matching Method

If the protruding dielectric elements are longitudinally uniform, the problem may
be solved by the method of projective matching of the fields on the boundaries of
the adjacent regions, for which it is necessary to know their eigenmodes and propa-
gation constants. The eigenmodes of rectangular and circular waveguides, as well
as the vector Floquet modes for representation of fields near periodic structures,
are well known (see Chapter 1 or, for instance, [18]). The eigenmode parameters
for periodic dielectric structures are determined by numerical methods. Determi-
nation of the propagation constants with high accuracy in two-dimensional prob-
lems for arrays of dielectric plates considered in [19, 20] from relatively simple
dispersion equations can be done without great difficulties. In three-dimensional
cases, the problem becomes significantly more difficult. The problem for periodic
structures of dielectric cylinders may be reduced to determination of eigenvalues
and eigenvectors for matrices of high order. Such matrices have been obtained us-
ing the Galerkin method in [21] on the basis of the Maxwell operator and in [22]
on the basis of transverse magnetic field strength components. Some algorithms
of the mode-matching method for arrays of circular waveguides with protruding
cylindrical rods are described in [23, 24]. The numerical results presented in [18,
20, 23, 25] are obtained for arrays with relatively small element spacing from 0.54
to 0.68A. The studies mainly concerned the array matching to free space by means
of selecting the protruding element parameters, as well elimination of the blindness
effects. The problem of shaping of the flat-topped element patterns has not been
considered.

If the protruding array elements are not longitudinally uniform (an example
is conical rods), such arrays may be analyzed using the step-wise approximation
of the elements with subsequent application of the mode-matching method, as it
has been proposed in [24], where the reflection coefficient for an array of circular
waveguides with two-step protruding cylindrical elements has been calculated as an
example. A similar approach has been described in [25].

5.2.2 Incomplete Galerkin Method

This method allows reduction of the problem to systems of ordinary differential
equations for coefficients of expansion of the fields in the cross-section of a dielec-
tric structure. An algorithm developed on its basis is described in [26, 27], though it
does not present any numerical results for arrays of protruding rods. A modification
of the algorithm for the case of uniform cylindrical rods is presented in [28, 29],
where the problem is again reduced to determination of the propagation constants
for the waves in the dielectric structure. The results obtained in [28] relate to the
same arrays as those considered in [23]. The array element pattern shape in [28,
29] has not been studied. The algorithm mentioned earlier has been applied in [30]
to waveguide arrays with conical rods. The calculated results for the matching
performance have been presented for a hexagonal array with element spacing of
0.64A. The length and relative permittivity of the conical rods protruding from the
waveguides are about 0.5A and 2.3, respectively. The diameter of the waveguides
is 0.461.
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An algorithm based on the cross-section method that is similar to the incom-
plete Galerkin method has been developed in [31] for analysis of parallel-plate
waveguide arrays with dielectric inserts and protrusions of arbitrary shape. The
presented results concern improvement of the array match by means of selecting
the dielectric plate parameters arranged on the waveguide flanges. One example of
shaping a quasi-sector element pattern is also given; however, the pattern width is
almost twice as narrow as the width of the ideal sector element pattern correspond-
ing to the specified array period.

5.2.3 Projective Resonator Method

The projective resonator method has been applied in [32] for solution of a three-
dimensional problem for an array of waveguides with protrusions of arbitrary
shape. The electric field in a volumetric periodic cell containing the protrusion is
represented by an expansion over the eigenmodes of a rectangular resonator with
upper perfect magnetic wall, while the magnetic field is expanded over the eigen-
modes of a rectangular resonator with upper perfect electric wall. The eigenmodes
also satisfy the Floquet boundary conditions on the sidewalls of the resonator.
The indicated expansions are substituted in the Maxwell equations written for
the cell in question, and the resulting expressions are projected on the same ba-
sis functions. The process of projection accounts for conditions of matching the
fields in the resonator to the waveguide modes in the waveguide aperture and to
the Floquet modes in free space. As a result, the problem is reduced to a system
of linear algebraic equations for unknown coefficients of expansion. Reference
[32] contains all the necessary relations; however, no numerical results have been
presented.

5.2.4 Method of Surface Integral Equations and Method of Auxiliary Sources

No publications where the former method is applied to the analysis of waveguide
array with protruding dielectric elements themselves are known by the author.
However, the method of surface integral equations has been applied to analysis of
similar structures comprising dielectric-resonator elements as described in [33, 34]
and in the papers referenced there. This method involves all the components of the
corresponding tensor Green’s functions containing singularities, and that feature
makes the algorithm of calculation rather cumbersome.

A simpler alternative excluding the Green’s function singularities and requiring
no integration is the method of auxiliary sources. Reviews of the problems solved
using that method and its modifications can be found in [35-37]. The first appli-
cation of the method to the problems associated with array antennas seems to be
described in [38] considering an array of parallel-plate waveguides with an array
of obstacles arranged in front of the waveguide apertures. Further modifications of
the method have been developed in [35, 39, 40], where first solutions have been
obtained to the two-dimensional problems for parallel-plate waveguide arrays with
protruding dielectric elements of arbitrary shape with smooth boundary. The influ-
ence of the protrusion shape on the array performance, along with shaping of a sec-
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Figure 5.3 Element patterns for array [35] with element spacing 0.9, protrusion relative permittiv-
ity 2, height 1.4, width at the base 0.64, radius of smoothing at the top 0.34, and 0.15A.

tor element pattern, has been demonstrated, as shown in Figure 5.3 as an example.
A generalization of the method for a three-dimensional case of a circular waveguide
array with axially symmetric rods of smooth shape is described in [41] using ring
electric and magnetic currents as auxiliary sources.

5.2.5 Method of Integral Equations for Polarization Currents

Besides the integral equations for equivalent surface electric and magnetic cur-
rents mentioned earlier, the problem may also be formulated in the form of integral
equations for polarization currents in protruding dielectric elements combined with
projective matching of the fields in the waveguide apertures. The first algorithms
on this basis for solution of two-dimensional problems have been developed in
[42, 43]. Then, such an approach has been further developed in [44, 45] for the
case of E-polarization and in [46] for the case of H-polarization. Geometry of the
structure considered in [44—46] is shown in Figure 5.4(a). Simplification of the algo-
rithms for calculation has been achieved there by means of involving eigenfunctions
of appropriate rectangular resonators.

The papers [42-46] (see also Chapter 8 in [47]) contain results of shaping sec-
tor element patterns by means of selection of the protrusion parameters. One of the
examples corresponding to the case of H-polarization is given in Figure 5.4(b). In
addition, [45] demonstrates the influence of dissipation loss in the protrusions on
the blindness effects that may take place in such arrays. No algorithms based on the
method of volume integral equations have been developed for the three-dimensional
case of the waveguide-rod arrays. However, a relational problem of plane electro-
magnetic wave scattering by absorbing periodic structures with pyramidal elements
has been considered and solved in [48].
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Figure 5.4 (a) Geometry and (b) characteristics of array with a; = 0.4, a; = 0.454, h; = 0.254,
g§=¢=1,a=0.571, ht=0.34, b=0.964, e,=e=2, t=0.54, and h =1.24, obtained by the method
of integral equations for polarization currents at excitation of waveguides in TEM modes.

5.2.6 Finite Element Method and Commercial Codes

The finite element method comprising a few hybrid modifications (see, for instance,
[49]) is one the most powerful means for electromagnetic simulation. Its application
to analysis of waveguide-rod arrays may be found in [50], where an array of rectan-
gular waveguides filled with dielectric protruding above the apertures is modeled.
The solution obtained first for the corresponding infinite periodic structure is used
then for analysis of a finite array, which was earlier studied experimentally in [20].
A similar infinite array with an integrated one-layer radome has been considered
in [17] by applying the hybrid finite element method. The finite element method, in
which the domain of determining the solution is restricted by an ideally absorbing
layer, has been implemented in the well-known commercial codes HFSS and Mi-
crowave Studio. Note that the analysis of the array with bars of rectangular cross-
section protruding at A/2 carried out in [50] involves an algebraic system with 7,105
unknown coefficients. The rods that allow shaping of a sector element pattern are
usually several times longer. Therefore, application of the finite element method
to the analysis of arrays with long dielectric elements would require significantly
greater computer resources.
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5.3 Hybrid Projective Method in Two-Dimensional Problems
(E-Polarization)

The review presented earlier shows that the existing methods that may be applied to
the analysis of the waveguide-dielectric arrays have definite restrictions. The results
obtained for the arrays in question do not cover some important cases, either. In
particular, there are no results in the literature for long-sharpened protruding ele-
ments that are necessary both for shaping the sector element patterns of high qual-
ity and for providing good match of the array to free space. So, further studies in
this area remain of interest both from the viewpoint of the methodology and from
the viewpoint of investigating the properties of such arrays themselves.

In [51], there has been proposed a hybrid projective method applied to analy-
sis and optimization of one-dimensionally periodic arrays of stepped parallel-plate
waveguides (or stepped horns) filled completely with dielectric protruding above
the apertures. The method of [51] is similar to the incomplete Galerkin method
[27], reducing the problem to systems of ordinary differential equations. However,
unlike [27], the mentioned systems are solved by the one-dimensional finite ele-
ment method, as done in [52] in an analysis of periodic purely dielectric structures.
As shown in [51], the best array performances are achieved when the protrusion
width is considerably smaller than the waveguide width. This circumstance imposes
restriction on the value of the dielectric material filling the waveguide. The use of
dense dielectric does not allow the provision of good array match that is especially
necessary for the case of H-polarization. In this case, one is forced to use a dielectric
of smaller permittivity for filling the waveguide and denser dielectric for the pro-
truding element that is not the best solution from the view of the mechanical design.
More promising is an array structure considered in [53-55], where the dielectric
elements, emerging from the feeding waveguides and protruding to free space, only
partially fill in the stepped waveguides, as described later.

5.3.1 Array Geometry and Excitation

The general geometry of the array to be considered in this section and detailed ge-
ometry of its waveguide-dielectric element in the plane Oxz of a rectangular Carte-
sian coordinate system Oxyz are shown in Figure 5.5(a, b), respectively. The array is
a periodic structure of period b formed by input parallel-plate waveguides of width
a,, feeding the stepped horns. The width and height of the lower horn section are
ag and b, while the same parameters of the upper (radiating) section are a and by,
respectively. The widths of the dielectric plate at the base and top of the lower sec-
tion are f( and #(;, and those at the base and aperture of the upper section are #;,
and #4. The protrusion of height » has width # at its base and width #; at the top.
The input waveguides are completely filled with dielectric of relative permittivity
€,,, while the relative permittivity of the plates in the lower and upper horn sections
as well as that protruding to free space are g, €,, and &, respectively. The surfaces
of the input waveguides and stepped horns are assumed to be perfectly conducting.
Selecting the indicated array parameters, we may obtain various array configura-
tions, including those that have already been considered in the literature and may
be used for validation of the algorithm developed later.
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Figure 5.5 (a) General array geometry and (b) detailed geometry of waveguide-dielectric element.

The input waveguides are assumed to be excited in their dominant modes TE,
of unit amplitude and with phase increment Y = kb sinf between adjacent wave-
guides. The problem then is the determination of the scattered field and, in particu-
lar, the calculation of the array reflection coefficient and element pattern, which are
of primary interest in practice.

5.3.2 Representation of the Fields

The excitation of the input waveguides in the TE modes corresponds to the case
of E-polarization when only the electromagnetic field components E,, H,, and H,
are not equal to zero identically. Assuming that the harmonic time dependence is
chosen in the form e, we may write the total electric field in the central input
waveguide as a superposition of the incident and reflected TE modes

¥
Ey(x,z £ z@ - é (6nlel‘}/wn(2' 2@ + Rne- i Yom(2- Z@) sin nTC(x + ﬂw/Z)

n=1

(5.1)
Ay
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where z®= - (hy + by), ¥,,, = [k*€,, — (n7/a,,)?]""* are propagation constants, &y, is
the Kronecker symbol, and R,, are amplitudes of the reflected modes to be deter-
mined.

The radiated electric field above the protrusions is a superposition of Floquet
modes

+¥ . .
E,(x,z2 h)= § T, T’ (5.2)
q=-¥

with propagation constants (1.99) and unknown amplitudes T,.

The electric fields in the lower and upper horn sections as well as in the free
space region containing the protrusions are represented as expansions over com-
plete systems of transverse functions in the indicated regions

¥
E,(x,28E 2 £20= & E,(2)sin 97 /2]

(5.3)
q=1 %
5 - na(x + al2)
E,(x,z¢£z£0)= g E,(z)sin———— (5.4)
n=1
o ;
E/(x,0£z£h)= Q E,(2)e"™"" (5.5)
q=-¥

with unknown coefficients depending on the longitudinal coordinate z, and z¢=- h;.

5.3.3 Projective Matching of the Fields on the Boundaries

The electric field (5.3) must vanish on the flange of the input waveguide and be
equal to field (5.1) in the input waveguide aperture at z = z & Projecting this equal-
ity on the transverse functions used in expansion (5.3), we obtain the following
algebraic subsystem

¥

a = a

"3 RO - Eplz®=-"QF), p=1,2,..¥ (5.6)
A u=1 )

with coefficients

ayl2

+ +
QL%) :i & sin nn(x +a,,l2) sin pr(x ao/Z)a,x
Y 4,12 w 4o
é 5 o] .
éSinggi- pa—wg sin §4+pa—”’2( (5.7)
= cos 7[(71 - p) é 2 ﬂ(.). [} L 1)6] a(.). IZ[;
2 e nmm 4,0 T® L ¢
g 2 g a E 2 g %) E E
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The transverse magnetic field component H, in the input waveguide aperture at
z =z ®must be equal to the field component H,(x, z ® in the lower horn section. The
indicated components are proportional to JE,/dz, where E, is determined by (5.1)
and (5.3). Projecting the equality of the indicated magnetic fields on the transverse
functions of the input waveguide, we obtain one more algebraic subsystem

¥
ZYWmRm + é E?{Z@Qiﬁé = iyu/m(sml (58)
q=1

where m=1,2,....¥, and the prime at the unknown coefficient denotes the deriva-
tive over the argument.

The similar projective matching of the transverse electric and magnetic field
components at z = z¢=- b and z = 0 gives the following relations

¥
Y8 Eyle00) - En(20=0, m=1,2,...¥ (5.9)
gq=1
_ e .
Egz0=§ Egz00h), p=12,..,¥ (5.10)
n=1
a8 -
L a En(0)Oup - Ep(0)=0, p=0,%1, ..., +¥ (5.11)
n=1
ES0)=2 & EO0)Onmgs m=1,2,..., ¥ (5.12)
q=-¥

where coefficients Q), are determined by formula (5.7) where #, p, a,,, and a,
should be replaced by q, , ay, and a, respectively, while coefficients Q,,, are deter-
mined by formula

al2

an == (‘) sininn(x *al) e " dx
a a
-al2 (5.13)

ei(xpa/Z _ (_ 1)ne-iapa/2

=nn
(nm)* - (o,a)”
and the asterisk at this coefficient in (5.12) means complex conjugation.
Finally, since fields (5.2) and (5.5) are expanded over the same transverse func-
tions, matching of the transverse electric and magnetic components at z = b gives
two more relations

E,(h)=T, (5.14)
Egh) =il T, (5.15)

which will be used later in the process of obtaining final system of algebraic equations.
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5.3.4 Application of the Finite Element Method

The electric field (5.3) in the lower horn section at z ®£ z £ z ¢must satisfy the Helm-
holtz equation

TE,  TE, . _
ﬂxzy +ﬂ72y+/e &(x,2)E, =0 (5.16)

where &(x,z) = ¢ in the dielectric and &(x, z) = 1 in the gaps. Substituting (5.3) in
(5.16) and projecting (5.16) on a pth transverse function of the section in question
multiplied by 2/a, we obtain a system of ordinary differential equations similar to
those derived in [27, 56]

d*Ep(2)
dz?

+72E,(z) +k* & W, E,(2)=0 (5.17)

1

S QJ°+K

where ¥, = [k*- (prlag)? 12, p=1,2,.. ., ¥

t/2

Wiy (2) = 2(e - 1) Jsin qr(x+ag/2) sin pr(xtap/2) dx
a0 -2 a0 40
gsin nt(p - q) sin Tt *q) t (5.18)
_2ee- 1) mp-a)g 2a0 g 2a0 ¢
ao 2 g mlp-4q) mp+q) ¢
g a ao £

and #(2) =g - (tgo - to1)(z - 2®/h is the width of the dielectric part in the section
[Figure 5.5(b)].

Further, unlike [27, 56], we will solve system (5.17) applying the one-
dimensional finite element method [49, 52]. Using the piecewise-linear approxima-
tion of the unknown functions E,(z) in (5.3), we represent them as

Z\

E ()= & E f.() (5.19)

s=1

where Esq are unknown constant coefficients, N is the number of nodes including
the edge points at z = z®and z = z¢=- b, as well as

| - 21, Z-1Ez2£z, s>1
| _
12s+1- % 2sEzZEzsr1, s<N (5.20)
b0 z<ze1, 2>z

are triangular functions with node coordinates z, = z®+ (s - 1)D and spacing be-
tween the nodes D=h,/(N - 1). Substituting (5.19) in (5.17), multiplying (5.17) by
f.dz), and integrating the obtained expression over z from z®to z ¢ we reduce dif-
ferential equations (5.17) to algebraic equations
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N ¥ 2
-Efz®6.4 +Q & : ?" @ /dm_apq +k ]”" uESq
s=1g=1 H
y (5.21)
+5,0v & Efz90p, =0
n=1
wheres¢=12,...,N;p=1,2,..., ¥
~0) z¢
I,q =k Oeds dz (5.22)
Z
1 1 z¢
1) = L OfF¥fedz (5.23)
@
178 =k OfseWpafie (5.24)

@

The first and last terms in (5.21) are formed as a result of integration of the
first term in (5.17) by parts. Furthermore, the final form of the last term in (5.21)
has been obtained with account for (5.10). The nonzero values of integrals are
calculated using explicit expressions given in Appendix 5A. Note also that the ex-
pressions for (5.24) have been obtained using the piecewise-linear approximation
of functions (5.18) in the form

Wiq(2) = Wpafs(2)+ Wi fe+1(2)

for 2 £ 2 £ 2e+1 where Wy, = Wy, (z5).

The electric field (5.4) in the upper horn section is considered similarly. The un-
known variable coefficients in (5.4) are represented in the form of a superposition
of N triangular functions; that is,

En(z) = é Esnfs(z) (5.25)
s=1

with unknown constant coefficients E,. The nodes of triangular functions are lo-
cated in points z; = z2¢+ (s - 1)D, where D=/1/(N - 1). Application of the finite ele-
ment method, as described earlier, results in a linear algebraic subsystem

5 N ¥ &2 % ey
BB+ & &7 19 - K120+ GEL
s=1n=1 k [} g

(5.26)

¥
28 & E§0)0mg =0
q=-¥
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where s¢=1,2,.., Nym=1,2,...,%¥; 7, = [k? - (nm/a)?]"'2. The coefficients fég,), ff),
and Jg are determined by formulas (5.22) through (5.24), where the integration
limits should be replaced by z¢and 0. Function W, in (5.24) should be replaced
by function W, determined by formula (5.18), where p, g, ay, and &, should be
replaced by m, n, a, and g,, respectively, and the dielectric insertion width should
be determined as #(z) =#10 - (ti0 - t11)(z - 2®hy1. The last term in (5.26) has been
obtained with account for (5.12).

The electric field (5.5) in the free space regions containing the protruding ele-
ments at 0 £ z £ b must satisfy the Helmholtz equation (5.16). Substitution of (5.5)
in (5.16) and projection of (5.16) on exp(- iot,x)/b give a system of ordinary dif-
ferential equations of the following form

d°E GE, +k* 2 W,,E; =0 (5.27)
y"'flp"' q_a¥ patq = :

where p=0,+1,..., ¥,

t/2 .
o) PUCIRL L (€ - 1)M

h (g - p)

Wyl =& 1

; (5.28)

and t = 1(z) =19 - (¢o - t1)z/h is the protrusion width.
Applying the finite element method to solving (5.27), as has been done earlier
for the fields in the stepped horn sections, we obtain algebraic equations

N ¥
o O

-ER0)8a +Q A ApSEsg +ilpEnpdsev =0 (5.29)
s=1q=-¥

wheres¢=1,2,..., N;p=0,%1,..., £¥; E are unknown values of the variable coef-
ficients in expansion (5.5) in N points with coordinates z; =(s- 1)D, D=/A/(N - 1),
ENP = Ep(h), al’ld

& b b i b
Azs)(g = §F127 (\fsﬁfsdz - (\fsq’s@iz@&)q + kz (\)[SQ:qudez (5.30)
g o 0 ¢! 0

are matrix elements, in which the integrals are calculated similarly to that described
earlier for the horn sections. The first and third terms in (5.29) are formed as a
result of integrating expression dzEp/dz2 in (5.27) by parts and accounting for
expression (5.15).

5.3.5 Algebraic System and Array Characteristics

The subsystems (5.8), (5.6), (5.21), (5.9), (5.26), (5.11), and (5.29) in the indicated
order constitute a complete system of linear algebraic equations for unknown coef-
ficients R,,, E§(z®, Es;, Ef(29, Esy, E§0), and Eg,. Note that E,(z® in (5.6), E4(z9
and E,,(z9 in (5.9), as well as E,(0) and E,(0) in (5.11) are equal to Eyp, Exyg Etms
ERy» and Eyy, respectively. We solve this infinite system by the method of truncation
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Figure 5.6 Structure of the linear algebraic system.

with account for M,, first waveguide modes in (5.1), M transverse functions for
the lower horn section in (5.3), M transverse functions for the upper horn sec-
tion in (5.4), as well as M first transverse functions for the region contain-
ing the protrusions in (5.5) and for free space above the protrusions in (5.2).
So, the order of the truncated system for the unknowns listed earlier is equal to
M, +(N +1)M + (N +1)M + (N +1)M. Since the products of the s&h and sth trian-
gular functions are equal to zero for |s¢- sI>1, the matrix of the system has a
block-banded structure shown in Figure 5.6, where the blocks containing nonzero
elements are shown in gray and the blocks with a diagonal lines contain nonzero
elements arranged only on its diagonals.

After obtaining the numerical solution of the truncated algebraic system, we
have the reflected mode amplitudes, including the array reflection coefficient Ry, as
well as the radiated Floquet mode amplitudes T, = Eng. They are used for verifica-
tion of the power balance relation [39]

g Reltund g py 20 8|7 P Rer,)=1 (5.31)
" Ywi1 Yuw1dw q

and for calculation of the array element pattern

F@O) = / 2kb | To(kbsinB) | cosO (5.32)
Ywidw

normalized so that F(0) equals the coefficient of power transmission in the main
array beam.

5.3.6 Realization, Validation, and Numerical Results

The algorithm described earlier has been realized in a FORTRAN code. The system
of algebraic equations is solved using the Gauss’ elimination method with selection
of a leading element in a column. The block-banded structure of the matrix has also
been taken into account. Due to that, the computation time has been shortened a few
times compared to the case when the zero blocks are not excluded in the processing.
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Figure 5.7 Reflection coefficient of array with b =0.64, a,,= ag = a = tyg = ty1= t10= t11= tp= 0.44,
t1=0.24, hg=hy; =0.14, h=0.64, and g, = &= ¢, = £ = 2, excited in TE;q mode, calculated at N=5
(xxx), 10 (DDD), 20 (000), 30 (—), and constant N, N=5, M,,=M=M=20, M=31.

Validation of the code operation has been verified by a few ways described in
[18]. The tests involved the power balance relation (5.31), convergence of the results
with increasing the number of triangular functions in the finite element method and
the number of the coefficients taken into account in expansions of the fields over
transverse functions, as well as comparison of the results obtained by the method
in question with the data obtained by other methods and available in the literature
for some special cases that can be modeled making appropriate selection of the
parameters for the structure shown in Figure 5.5.

One of the examples characterizing convergence of the array reflection coef-
ficient with increasing the number of nodes N for the free space region containing
the protruding elements is shown in Figure 5.7. The array parameters are indicated
in the figure caption. The results have been obtained at the number of Floquet mode
transverse functions M = 31, which is deliberately large enough for the indicated el-
ement spacing. The number of the waveguide modes M,, = 20 has been chosen here
and later so that M,, £ Ma,,/b. The solid curve corresponds to N = 30. We see that
the other curves obtained at smaller values of N quickly approach the solid curve as
N increases. The test for convergence of the results on M has shown that the results
at M = 11 and M,, = 7 already practically coincide with those corresponding to
M =31 and M,, =20, and, for this reason, the corresponding plots are not presented
here. Other results on study of the convergence may be found in [51, 57]. Some
recommendations on choosing the number of the nodes in the one-dimensional
finite element method are given in [52]. Note that the greater the angle between the
side surfaces and the z-axis is and the greater the dielectric element permittivity is,
the smaller the node spacing should be for providing high accuracy of calculations
at the piecewise linear approximation chosen for functions (5.18) and those ones
similar to them.

A few examples on comparing the results obtained using the algorithm described
earlier to the results available in the literature for some simpler cases of the array
geometry are given in [57]. Here, in Figure 5.8, we present the results of shaping
the sector element pattern for the structure shown in Figure 5.4(a). This structure
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Figure 5.8 Reflection coefficient and element pattern of array with b=0.912, a,,= 0y = a = tyg = tg1=
t~|0 = t”: 0572,, to = t]: O.Sl,__ho = h] = 012,, h :_‘142,, and Ey=&E=E,=E= 2, excited in TE10

mode, calculated at M,, =M =M=14, M=21, N, N=5,and N=41; (""", DDD) — present method,
(—, - - -) — method of [45].

excited in the TE;jy modes was first studied in [45] by the method of integral equa-
tions for polarization current in the protrusion. As the comparison shows, the hy-
brid projective method gives practically the same results. Note also that the power
balance relation (5.31) in all calculations is satisfied with accuracy of at least six
decimal digits. So, all the tests have shown good capabilities of the proposed algo-
rithm for numerical study of the two-dimensional models for waveguide-dielectric
arrays. Some results of such a study are presented later.

The purpose of the study has been to reveal the array capabilities of shaping
the sector element patterns. The numerical experiments have shown that the best
results, as a rule, are achieved at the maximum possible width of the upper horn
section at a specified element spacing and when the section supports two propagat-
ing modes. The use of sharpened dielectric elements provides their good match to
free space since the modes in the dielectric structure smoothly change for ordinary
Floquet modes in free space above the protrusions. The selection of the element
length and its width at the base is initially made in the absence of the stepped tran-
sitions (i.e., at a,, = ag = a) as well as at total filling of the waveguide sections with
dielectric. At specified permittivity and some large length of the dielectric protru-
sions, the protrusion width at the base is selected to minimize the reflection coef-
ficient of the dominant mode. Then the protrusion length is selected to provide the
sector shape of the element pattern. The next operation is the selection of the lower
horn section parameters g and b to match the input section to the upper section
at their specified widths. The purpose of the final operation is the selection of the
upper section height /4, allowing either avoidance or minimization of the undesir-
able resonance effects.

The results of the application of the technique described earlier to optimization
of the array excited in the TE;; modes are shown in Figures 5.9 through 5.11. The
permittivity of dielectric material used in all the sections of the array with element
spacing b = 0.8 (Figure 5.9), b =0.91A (Figure 5.10), and b = 1.1A (Figure 5.11) is
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Figure 5.9 Reflection coefficient (" * ") and element pattern (—) of array with b=0.84, a,,=0.554,
ap = to(): to] = 0629&, ho = 05&, a= t]o = t~|-| = 0782,, h] = 0222«,_1’0 =0.1 6~2«, t1 = 0, h= 21_2,, and Ey=
&=¢,=€=2.56, excited in TE;y modes, calculated at M,, =12, M=14, M=16, M=19, N=21, N=
11, and N=49; (- - - -) is the ideal element pattern and (BBb) is the element pattern of array without
dielectric at a,,= a;=0.6184, and h; = 0.914A.

equal to 2.56, 2, and 1.5, respectively. All the other array parameters are indicated in
the figure captions. The obtained element patterns are compared to the normalized
ideal sector element patterns (see Chapter 1) equal to /cosB for O £ sin€ < A/(2b),
\/0.5cos@ for sin® = A/(2b), and 0 for A/(2b) < sin 6 £ 1. The comparison is also made

1

0.8

o
o

Amplitude
o
N

0.2

sin@

Figure 5.10 The same as in Figure 5.9 at b=0.914, a,,= 0.64, ap = tyo= tp1 = 0.6944, hy = 0.594,
a=t1o=t1=0.894, hy =0.2152, t,=0.214, t; =0, h=2.24, ¢,= =g, = €= 2, M,,= 14, M =16,
M=18,M=19, N=23, N=11, and N =49; (BBDb) is the element pattern of array without dielectric
ata,=ap=a.
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Figure 5.11 The same as in Figure 5.9 at b=1.14, a,,= 0.64, ay = tyg = tg; = 0.714, hy = 0.674,
a=tp=1t1=1.051 hy =0.64, tp=0.34 t;=0, h=494, and g, = g=¢,=¢e=1.5, M, = 14,
M=16, M=20, M=21, N=25, N=23 and N=71; (BBD) is the element pattern of array without
dielectric at a,,=0.751, ag=0.854, hy=0.284, and h; = 0.6A.

with waveguide arrays without dielectric. The results shown in Figure 5.9 corre-
spond to the array using one matching step. At b = 0.91A (Figure 5.10), the array
aperture has good natural match, while the array with b = 1.11 (Figure 5.11) uses
a matching transition section from the single-mode waveguide to the dual-mode
radiation section.

Some examples of the characteristics corresponding to the array with partial
filling of the horn sections with dielectric, as shown in Figure 5.5, may be found in
[53-55]. If the upper (radiating) section supports only one propagating mode at the
partial filling, the element pattern, as a rule, has resonant dips. However, in some
cases, they may be avoided. An appropriate example of the array geometry and
characteristics is given in Figure 5.12 for the dielectric element with relative permit-
tivity €, = g, = €=2 and & = ¢, = € = 4. Note that the higher the element permittiv-
ity, the smaller the optimal width of the element.

5.4 Excitation of Array in TEM Modes (H-Polarization)

5.4.1 Statement of the Problem and Representation of the Fields

Here we again consider the structure shown in Figure 5.5 and described in Sec-
tion 5.3.1. Let now the input waveguides be excited in the dominant TEM modes
of unit amplitudes and progressive phases with the same increment Y = kb sin6
as considered earlier. The purpose of this section is to develop a hybrid projec-
tive algorithm allowing calculation of the array characteristics at the indicated
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Figure 5.12 Reflection coefficient and element pattern of array with b=0.984, a,,= ay=a=0.964,
&y=1,too=t;=0, hg=2, hy =0.54, h=7.94, M,,=M=M=10, M=12, N=21,N =11, N = 80; (—)
|S£t Eg=E= 2 t0-|—t10—t-|1—t0 0281 (—X—)ISSt Eg=E= 4 to-l—t]o—t-”—to 0075/1 (---)IS
the |deaI element pattern.

excitation corresponding to the case of H-polarization for a two-dimensional
problem where the electromagnetic field components not equal to zero iden-
tically are H,, E,, and E,. So, the magnetic field strength in the input wave-
guide section of the central element is represented as a superposition of TM
modes

¥
Hy(x,z £200= & (anlelywn@' W@ 4 R e Nunl Z‘“’) €08 Bl + dnl2) (5.33)
n=1

where ¥, = /K€, - B2, are propagation constants, B, = (1 - 1)7/a,, and R, are
unknown amplitudes of reflected modes. The transverse component of the electrlc

field strength component, which will also be involved in the subsequent operations, is
determined by using (5.33) and Maxwell’s equation like (1.104)

Ex(.x,Z): a (5 e”/wn z-2@ _ R e - Ywn (2~ Z@)

WVENEw , (5.34)

" Yun €OS Bun(x + aw/Z)

where g is the electric constant of free space.

The transverse electric and magnetic field strength components in the lower and
upper horn sections as well as in the free space region containing the protruding ele-
ments are represented as expansions over complete systems of transverse functions
for the indicated regions
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¥
Hy(x,2®E 2 £ 29 = § Hy(z)cos By (x +ap/2) (5.35)
q:
¥
E (x,z®@E z £ 20 = a E,( cosﬂq x +apl2) (5.36)
q=1
¥ B}
Hy(x,2¢£ 2 £0) = q Hu(z)cos B, (x +al2) (5.37)
n=1
d ~
Ey(x,2¢E£ 2 £0) = q E(z)cosBu(x +al2) (5.38)
n=1
+¥ i
Hy(x,0£z£h)= § Hylz)e' ™" (5.39)
q=-¥
+¥ .
Ex(x,0£z£h)= Q E,(x)e"™"" (5.40)
q=-¥

where B, =(q - 1)m/ay, B = (n- V)r/a, and o = (v +27q)/b are transverse propaga-
tion constants, while the unknown expansion coefficients depend on the longitu-
dinal coordinate.

The transverse electric and magnetic fields in the free space above the protru-
sions are superpositions of the Floquet modes

Hy(x,23 h) = a T, e+l h) (5.41)
¥
1 +¥ - b
E(x,23 b) = w—SO a [Ty Tak (5.42)

with unknown amplitudes T,,.

5.4.2 Relations Resulted from Conditions on the Boundaries

Magnetic field (5.33) must be equal to magnetic field (5.35) in the input waveguide
aperture. Projection of this equality on the transverse functions of the input wave-
guide results in algebraic equations

Ry

¥
- +a H,z00N) = 8,1 (5.43)
2- 5m1

q=1
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wherem=1,2,..., and

aywl2
Q’(’S)q = (‘) Cosﬂwm(x+ﬂw/2)COSBq(X+a()/2)dx
Woa,2
|
sin?em(l: q@,, O sin m¢+ q%, 6 7U (5.44)
1 m-qnt € 4 B2 & 4 B2t
=_cos 5 i P +(-1) & y
T AL & oy 980 7§
1 ap 92 g ag 52 b

with m¢=m - 1 and g¢=¢ - 1.

Electric field (5.36) in the lower horn section must vanish on the input wave-
guide flange and be equal to electric field (5.34) in the input waveguide. Projecting
this boundary condition on the transverse functions used in expansions (5.35) and
(5.36) for the lower horn section, we obtain

- 2-8,1)a0 &
Eyeqp="2" 0w g (5 Ry)7un Q') (5.45)
WENEA) =1

where p =1, 2,....

The similar projective matching of the transverse magnetic and electric fields on
the junction of the lower and upper horn sections at z = z¢= - b gives the following
algebraic equations

H § -
- IE9 8 A, c00 =0, p=12,.. (5.46)
2- 5p1 n=1
- (2- Sp)ao 8 £ )
Em(z¢=fa Eq(z004m, m=1,2,.. (5.47)
g=1
with coefficients QE},),I determined by formula (5.44) where m, q, a,,, ag, B, and B,

should be replaced by g, 11, ay, a, B, and B, respectively.

Projective matching of magnetic fields (5.37) and (5.39) in the upper section
aperture at z = 0, as well as projective matching of electric fields (5.40) and (5.38)
in the same aperture with accounting for the fact that (5.40) must vanish on the
flange, give two more groups of algebraic equations

] ¥
HaO) g Hy 000y =0, m=1,2,... (5.48)
2-8m oy
ag -
Ey(0) = ZaE (000, P=0,%1,... (5.49)
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with coefficients

1 al2 _ )
Omg == ) €08 Byu(x +al2)e” " “* dx
a
-al2

gi0at12 _ (L ymty i0gal2 (5.50)

T ) - (ga)?

m¢=m - 1, and the asterisk at O,,, in (5.48) denotes a complex conjugation.
Finally, matching similarly magnetic fields (5.39) and (5.41) as well as electric
fields (5.40) and (5.42) at z = b, we obtain the relations

T, = Hy(h) (5.51)

1 1
Eph)=—— TyT, = LH,b 5.52
o) = o TyTy = TiH () (5.52)

p =0, £1, which will be used later.

5.4.3 Finite Element Method for H-Polarized Waves

Let us consider the magnetic field (5.35) in the lower horn section. Unlike (5.16)
written for E-polarized waves, field (5.35) must satisfy the equation

T W0, T 0, oy, =0 (5.53)
& Ix 2 T8¢ 1z &
resulting from Maxwell’s equations where &(x,z) = & in the area occupied by the
dialectric element and &(x,z) =1 in the gaps. Let’s multiply (5.53) by the transverse
function [(2 - &p1)ag]cos By (x + ap/2) and integrate over x from - ay/2 to ay/2. After
integration of the first term in (5.53) by parts, we obtain
2.8 aol2 _ _
Pl c‘) iﬁp% ysinﬂp(x+ao/2)
| E
- apl2

a0
(5.54)
te o —=+tk"Hyy +apl2)ydx =0
£1:82 Tz & yHCOSﬁp(x a0f2)y dx

Following the one-dimensional finite element method applied to solve (5.54),
we represent the variable coefficients standing in expansion (5.35) in the form of
superposition

Z

Hy(2) = @ Hef(2) (5.55)

s=1

of triangular functions (5.20) with unknown constant coefficients Hg,. The other
notations concerning the number of the nodes, coordinates of the nodes, and
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node spacing remain the same as those introduced in Section 5.3 in the case of
E-polarization. Let’s multiply (5.54) by f.4{z) and integrate over z from 22 to z¢
Integrating the first term in square brackets in (5.54) by parts and taking into ac-
count that

H
1A, _ iwegEy

€ Tz

we obtain

z¢ ao/l
2- 6,1 1H,
o—2 9 . ﬁp fs¢51n By (x +ao/2)
ap
@ a()/l

+ SR H, foe- %ﬂ‘fjﬂﬂ 03 By (x + ap/2)y dxdz
& Tz b (5.56)
. 2- 5p1 aoiz
1€ (@] [Ex(xazo6sdﬁ - Ex(xaz(méstﬂ]
0 -apl2

’ cosﬁp(x +ap/2)dx =0

Substituting now (5.35), (5.36), and (5.55) into (5.56) and accounting for (5.45),
we reduce (5.56) to a subsystem of linear algebraic equations

2- 8p)ia, & N¥
2 0w g\ OOR, +8& A ASH.,
n=1 s=1g=1

k 2 - 6p1)ia
00 = I e

05
“ €0
(5.57)

w

where s¢& 1,2, ...N; p =1, 2, ...; Ny = (Uy/&y)"* is the wave resistance of free
space,

z¢
S dS dS
a _9711 ofsafsdz (ﬁm f dz- 5pq

d dz
L& md][sd:dfs (5.58)
Xpq(2) = Zﬁaoﬁ t/(2)51nﬁp8x+ _smﬁqg%ﬁaoo
)
| sin P - @)t gnPta-2ma (5.59)
—ﬂpﬁqcos(p zq)ﬂ? (p_zqa);’r (-1t (pJMqZﬂg) 1I
f 2 2 b
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t/2

Wpy(2) = Z'afm O cos By 8x+a0 _cosﬂq 8x+ Ogdx
-2
L0 @mt GpPta-2mi (5.60)
_2-8,  (p- i’ 24y g1 2a0 |
T2 g Upean UV T peg-2n Y
T 2 2 b

7y = (k* - B3)V'* and #(z) = tg - (too - to1)(z - 22)/bg is the dielectric element
width.

5.4.4 Total Algebraic System

The magnetic field (5.37) in the upper horn section is considered similarly. Each
unknown variable coefficient in expansion (5.37) is represented in the form of a
superposition of N triangular functions; that is,

N
> ~

H H,(z) = a Hsnfs(Z) (5.61)
s=1

with unknown constant coefficients Hg,. The application of the finite element
method results in the linear algebraic equations

2- 6, o /e
g 27O 3 o kg
a q:] 770
N ¥ g sk 3-62)
+a a AmHe +— E,(0)5,5 =0
s=1n=1 To

where s¢=1,2, ..., N and m = 1, 2, .... In the process of deriving (5.62), we have
accounted for expressions (5.38) and (5.47). Matrix elements AsE are determined
by expression (5.58) where pq, 22, 2§ ¥, &, X,,, and qu should be replaced by
mn, 26 0, ¥ = (k% - B2)Y2, €, Xm,,, and W, respectively, while the two latter
functions are determined by formulas (5.59) and (5.60) with the replacement of
ag and ﬂ_p( q) by aand B, ), respectively, and taking into account that the dielectric
element width in the section in question is determined by #(z) = #1¢ - (¢10 - #11)
(z- 20/h;.

Finally, applying the finite element method to the determination of magnetic
field (5.39) in the region 0 £ z £ b containing the protrusions, and accounting for
expressions (5.40), (5.49), (5.51), and (5.52), we obtain one more subsystem of
algebraic equations

k
a an )+é’1 a A8 H,, +iT,Hypbsov =0 (5.63)
s=lg=-¥
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where s = 1, 2, ..., N; p =0, 1, ...; H, are unknown values of the variable
coefficients in expansions (5.39) in points z; = (s - 1)D, D= h/(N - 1), Hy, =
H,(h)

p b

s@“ _gl—vpdqfsd _ dfs¢ dfs dz- 5Pq

d dz
b df df (5.64)
0

€- 1sin[n(p - q)t/b]
€ n(p - q)

Whq(2) = (5.65)

and #(z) =ty - (tg - t1)z/b is the width of the protruding part.

Subsystems (5.43), (5.57), (5.46), (5.62), (5.48), and (5.63) in the indicated suc-
cession form the total system of linear algebraic equations for unknowns R,,,, Hg,,
iE4(z9/m0, Hen, iE,, ,(0)/m0, and H,. Note that H,(z® in (5.43), Hp(ztl) and H,(z¢ in
(5. 46) as well as H,,(0) and H, ( ) in (5.48) are equal to Hi4, Hxp, Hin, Hy,,, and
Hig, respectively. Note also that unlike [31], where the algorithm involves indepen-
dent expansions both for E, and for H, in all the nodes, we use here the values of
E,. only on the boundaries between the sections. This approach makes the algebraic
system order almost two times smaller.

5.4.5 Realization of the Algorithm and Discussion of the Array Characteristics

The infinite algebraic system obtained earlier is solved by the method of truncation.
If we account for M,, waveguide modes in (5.33) and (5.34), M transverse func-
tions in (5.35) and (5.36), M transverse functions in (5.37) and (5.38), as well as M
transverse functions in (5.39), (5.40), (5.41), and (5.42), the order of the system,
like in the case of E-polarization, will be equal to M,, + (N + )M + (N +1)M + NM.
Since fsfs © 0 in (5.58) and (5.64) for |s¢- s|>1, the matrix of the system has a
block-banded structure. An example of such a structure is given in Figure 5.13,
where only nonshadowed blocks have nonzero elements, while the blocks with di-
agonal lines have nonzero elements on the diagonals only. Calculation of the matrix
elements in (5.57), (5.62), and (5.63) has been carried out using piecewise-linear
approximation of functions (5.59), (5.60), (5.65), and similar functions X,,, and
W, via which the elements ASS, in (5.62) are calculated. After obtaining numerical
solution of the system by the Gauss’ elimination method, we have the array reflec-
tion coefficient Ry, as well the ability to calculate the normalized array element
pattern [41]

e2p
aw

F@6) = | Ty(kbsinB) | cosO (5.66)

where T\, = Hyy is determined as a result of solution of the system.
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1]

Figure 5.13 Structure of linear algebraic system corresponding to excitation of array in TEM
modes.

The algorithm presented earlier has been realized in FORTRAN code tested in
the same ways as those used for the case of E-polarization considered in Section 5.3.
The power balance relation [41]

o} Re{¥in} 2 wa o Re{rl" } 2 _
_RCWawn) gy Bl 1T, | (5.67)
an. (2- 5;11)%4/1 aw aq Yt

in all calculations is satisfied with accuracy of no less than six decimal digits. Some
examples characterizing convergence of the array reflection coefficient correspond-
ing to dielectric element permittivity €, = €, = €, = € = 6, are presented in Figures
5.14 and 5.15. The other array parameters are indicated in the caption for Figure
5.14. The results shown in Figure 5.14 have been obtained at the number of Floquet
modes M = 31, which is deliberately large enough to obtain accurate solutions
for indicated element spacing b = 0.64 and at the number of waveguide modes
M,, = 15. The solid curve corresponds to the number of nodes N = 30 for the pro-
truding section. We can see that the curves obtained at smaller values of N quickly
approach the solid curve as N increases. Similarly, the convergence of the results
by increasing the number of transverse functions at sufficiently large number of the
nodes N is demonstrated in Figure 5.15.

A comparison of the array element pattern calculated by the hybrid projective
method described earlier with the results obtained in [20] by the mode matching
method for array with parameters b = 0.5354, a,,=ag=a = tyg=ty; = t19 = t11 = Lo
=t,=0.432b,hy=h;=h=0.52, ¢,= =¢,= €=2.56 is shown in Figure 5.16. The
results obtalned by the former method shown by crosses have been obtained using
M,, = M = M = 10 waveguide modes, M = 21 Floquet modes, and N=N =N =15
nodes of the triangular functions. As we see, they practically coincide with the data
given in [20]. The results of a similar comparison for the protrusion length two
times larger (b = A), also validating the code operation, may be found in [51].

Consider now some examples of shaping sector element patterns in the wave-
guide-dielectric array excited in TEM modes. The array characteristics correspond-
ing to element spacing b = 0.84 and b = 0.91A for the case of uniform filling of
the horn sections with dielectric considered in [51] are presented in Figures 5.17
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Figure 5.14 Reflection coefficient of array with b=0.64, a,,= ag=a = tyg = tgg = t190=t;7=0.34, t; =
0.42, t; =0.24, hg=h; =0.14, h=0.64, and g, = ;= ¢,= € = 6, excited in TEM modes, calculated at
N=4,7,10, 20, and 30, and at constant M =31, M,,=M=M =15, N=N =5.

and 5.18, respectively. The results have been obtained with the application of the
one-dimensional finite element method only for the protruding part of the array
element. The fields in the horn sections have been represented in the form of su-
perpositions of forward and backward modes with subsequent matching of them
on the boundaries of the sections. An optimization of the array geometry has been
carried out in the same way as that for the case of E-polarization.

However, unlike the E-polarization, the input waveguide and lower horn sec-
tion are not filled in with dielectric (i.e., g, = &= 1), while the permittivity of filling
in the upper section &, = 1.5 has been chosen to be smaller than that for the protru-
sion € = 2. Such a choice has allowed us to obtain a smaller width of the protru-
sion at the base, thereby avoiding the resonance effects that would take place if
the upper section was filled in with the same dielectric as that of the protrusion. A

- M=31,M,=15
08k cooo M=21,M,=10
’ AtAA M=11,M,=6
I xxxx M=7,M,=3a I I

[ R, |

S

sin@

Figure 5.15 The same as in Figure 5.14 at M = 7, 11, 21, and 31, and at constant N = N =5,
N =30.
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Figure 5.16 Array element pattern calculated by mode-matching method [20] (——) and hybrid
projective method (xxx).

comparison of the obtained sector element patterns with the ideal sector patterns
and element patterns corresponding to optimized waveguide arrays without di-
electric shows their relatively high quality. However, as we have already noted in
the beginning of Section 5.3, the application of different dielectric materials for
filling in the upper section and for the protrusion is not the best solution from the
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Figure 5.17 Reflection coefficient (xxx) and element pattern (—) of array with b = 0.84, a,,
0.4, ag=0.574, a=0.784, hy=0.174, hy = 0.354, t;=0.324, t; =0.214, h=234, ¢,=&=1, ¢,
1.5, € = 2, excited in TEM modes, calculated at M,, =8, M =21, and N = 50; (- - - -) is the ideal ele-
ment pattern, and (DDD) is the element pattern in array without dielectric at a,, = 0.44, ay = 0.5682,
hy =0.222, and h; = 0.4A.
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Figure 5.18 Reflection coefficient (3xx) and element pattern (——) of array with b=0.964, a,,= 0.44,
ag=0.574, a=0.784, hy = 0.174, h; =0.534, t; =0.454, t; =0, h=3.64, ¢,=&=1,¢,=1.5,¢e=2,
M,, =8, M=21,and N =73; (DDD) is the element pattern in array without dielectric at a,, = 0.44, gy =
0.6534, hy=0.74, a=0.944, at h; =0.53A.

viewpoint of the practical array mechanical design. Some demonstrative results for
a better array design with partial filling of the horn sections with dielectric (Figure
5.5) are presented and discussed later.

The study of how the geometric parameters of the structure influence on the qual-
ity of shaping the sector element patterns has shown that the best results are achieved
when using long sharpened protruding elements. The modeling has been carried out
as follows. We specify the element spacing b and the upper section width 4, such that
b - aisequal to 0.014to 0.02A, the protrusion length / of a few wavelengths, and the
protrusion permittivity &, and assume first that the input waveguide and the lower horn
section have the same width as that of the upper section (i.e., a,, = aq = a). The input
waveguide is assumed to be empty (i.e., €, = 1). The dielectric element with ¢, = ¢, =
€ passing through the horn sections is assumed to be sharpened at both ends (¢, =
t; = 0), while its other transverse dimensions are identical (¢q; = ;o = #11 = ¢;). The
height of the lower horn section is specified to be large enough (~21) to provide a
natural good array match. An example of such an intermediate array version with
an element spacing b = 0.84 is shown in Figure 5.19. The element pattern is shown
for three values of the dielectric element width in its middle part, while the reflec-
tion coefficient is presented only for ty; = #;y = t1; = ¢y = 0.44 because its low level
for two other values of the width almost coincides with the shown one. As we see,
there exists an optimal dielectric element width at which the element pattern level
in the scan region becomes closest to the ideal element pattern level also shown in
Figure 5.19. The further optimization is carried out at the specified width and per-
mittivity of the input waveguide. The natural choice here from the viewpoint of a
mechanical design is g, = €. The dielectric element width in the lower section is as-
sumed to be equal to the width in the upper section (i.e., tyg = tg; = t19 = £11), While
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Figure 5.19 Characteristics of an array with b=0.84, a,,=ay=a=0.784, hy=1.84, h; =0.54, h=7.94,
too=t; =0, &,=1,and & = g, = £ = 2, calculated at M,,=M=M=11,M=13, N=19, N=11 and
N =81; tg; =tjg = t;; =ty =0.331 (- - -), 0.44 (—), 0.47A (- - -); (0 0 0 0) is the ideal element
pattern.

the height b and width g, of the lower horn section are selected to provide passage
of the dominant TEM mode from the input waveguide to the upper horn section
without reflection. Then, we select the height of the upper section b, at which the
element pattern shape becomes closest to the ideal one, and the resonance effects
that are possible in the arrays in question are avoided or minimized. Some examples
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Figure 5.20 Characteristics of an array with b = 0.84, a,, = 0.34, a5 = 0.54, a =0.784, hy = 0.554,
h_] = 05}., h= 79)., too :_to] = t]o = tn = to = 042«, t] = O, Ey=E=EgTE= 2, calculated at MW: 5,
M=7,M=11,M=13,N=11, N=7, and N=81.
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Figure 5.21 Characteristics of an array with b=0.94, a,,=0.34, a; = 0.584, a=0.884, hy = 0.184,
hy =0.524, h=84, too =tg1 =t =11 =t =0.344, t; =0, ¢, = & = g, = € = 2, calculated at M, =5,
M=9, M=15M=17,N=5,N=11,and N=81.

of the array characteristics obtained as a result of the optimization described earlier
are presented in Figure 5.20 for an array with b = 0.84 and in Figure 5.21 for an
array with b = 0.9A. The other array parameters are indicated in the captions to the
figures.

The behavior of the array element pattern as the frequency deviates at +3% is
demonstrated in Figure 5.22 for an array without stepped transitions (like that in
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sinf

Figure 5.22 Element pattern in an array with parameters indicated in the caption for Figure 5.19
with t, = 0.44, at central frequency f, (—), as well as at 0.97f, (---) and 1.03f; (- - -).
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Figure 5.23 Element pattern in an array with parameters indicated in the caption for Figure 5.20 at
the central frequency f, (—), as well as at 0.97f; (- - -) and 1.03f, (- - -).

Figure 5.19) and in Figure 5.23 for an element geometry similar to that shown in
Figure 5.20. As we see, the element pattern shape remains a sector one with a change
in the width in accordance with a change in the element spacing in wavelengths. No
resonance effects are observed in the array without the stepped transitions. In the
case of the array with the stepped transitions, the resonance effects that are mini-
mized as a result of optimization at the central frequency (corresponding to A), as
shown in Figures 5.20 and 5.21, may occur to a greater degree with a change in the
frequency as we see in Figure 5.23.

5.5 Three-Dimensional Problem

The hybrid projective method developed earlier for the solution of two-dimensional
problems is generalized in the present section over a three-dimensional problem for
an array of circular waveguides with protruding dielectric rods nonuniform in the
longitudinal direction. Such a problem is of great interest for practice.

5.5.1 Statement of the Problem and Fields in the Structure

The array geometry in a rectangular Cartesian coordinate system Oxyz is shown
in Figure 5.24. The elements of the array, which is considered here as an infinite
periodic structure, are arranged in horizontal rows with spacing d,., while the rows
themselves are arranged with spacing d,.. The array lattice may be both rectangular
and triangular, where, as shown in Figure 5.24(a), the adjacent rows are shifted
along the x-axis at distance d,/2 with respect to each other. The most important
special case of the triangular lattice is a hexagonal one where d, = d~/3/2. The
array element as a whole consists of an input semi-infinite circular waveguide of
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Figure 5.24 (a) Aperture and (b) longitudinal cut in plane 0xz of stepped circular waveguide array
with protruding dielectric rods.

diameter 24;, an intermediate section of diameter 24, and height b,, and an upper
section of diameter 2a and height / (the notations here are the same as those in
[58]). The indicated waveguide sections are connected to each other by flanges and
may be filled in with dielectric of relative permittivity &;, &, and &, respectively. The
upper sections go to an infinite common flange arranged in the plane z = 0. Each
array element has a dielectric rod of relative permittivity €, and height b, protruding
above the waveguide aperture. The rod at its base has a cylindrical part of diameter
27y and height b changing for a conical part of diameter 27 at the end. The walls
of all the waveguide sections and flanges are assumed to be perfectly conducting,
while the sections and protruding rod have a common axis.

We also assume that the input waveguides are excited in their dominant modes
TE,; of circular polarization. The amplitudes of the incident modes are equal to
unity, while their phases change linearly with increment U between adjacent ele-
ments in each horizontal row and with increment V between adjacent rows, as
shown in Figure 5.24. The indicated phase increments are related to the main array
beam direction characterized by specified angles 6 and ¢ measured from the z and
x axes, respectively, by formulas [see also relation (1.22)]
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U=kdwu, V=kdy+Ud

where # = sinfcos@ and v = sin6sing are direction cosines, 6 = 0 for rectangular lat-
tice, and 6 = 1/2 for triangular lattice.

To determine the field radiated by the array in free space and the field reflected
back to the waveguides as well as the array reflection coefficient and element pat-
tern, we represent the transverse components of the electric and magnetic field
strength in the upper waveguide section in the form of expansions over eigenmodes
of circular waveguide

Et (P; §0,0) =To é [(Almnelmn + Blmn )kan
mn (5.68)
+(A2mn€2mn - BZmn)')/ZmnF 2mn ]

H(P, (p,O), e; = é [(Atmneimn - Blmn)YlmnF 1mn
m,n (5.69)
+(A2mn62mn + BZmn )kEF Zmn]

where 1 = (uy/gy)""* is the wave resistance for free space; A, are unknown am-
plitudes of the TE (f = 1) and TM (j = 2) modes going from the beginning of the
section toward the aperture; Bj,,, are unknown amplitudes of the TE and TM
modes going back from the aperture; e, = eXp(i¥jmnh); Vjmn = (k% - g,zmn)l/ 2, and
8jmn = Wjmnla are longitudinal and transverse propagation constants; iy,,,,, and i,,,,,,
are nth roots of equations J§(u) = 0 and J,,,(u) = 0, respectively; m =0, +1...,n =1,
2, ooy Jle.),and J§(...) are the Bessel function of the mth order and its derivative
over the argument;

VL

. .
Fion(s®) = & Im(g1p)ep - g1S(g1P)eof~— (5.70)
ep u Nimn

eim(p

S (5.71)
NZmn

é m u
F2mn(p, @) = gng;z(gzp)ep + ?]m(gzp)ewg

are orthonormalized vector wave functions for a circular waveguide, with normal-
izing coefficients

N = 282113, = 1) Lo (W11m) (5.72)

NZmn = 751/2.“2mn]&(/¢2mn) (573)

e, is the unit vector directed along the z-axis; and e, and e,, are unit vectors of
cylindrical coordinates p and ¢ related to the Cartesian coordinates by formulas
x = pcosgand y = p sing. The double index i at the constants gy,,, and g,,,, in
(5.70) and (5.71) is omitted for brevity. For simplification of the subsequent expres-



5.5 Three-Dimensional Problem 179

sions, we introduce a prevailing order numbering of the waveguide modes for each
type and further replace the double index by a single-standing one.

The amplitudes A, and B),,, of the forward and backward modes in (5.68)
and (5.69) relate to each other and to the incident mode amplitude in the input sec-

tion by formula

Ajone- aaslmgm n€in = Sl@l‘ﬂl (5.74)
j=1 n

where j¢=1,2;72¢=1,2,...and n =1, 2, ... are the ordinal numbers of the modes;
I is the ordinal number of the incident mode; and S/‘-’@% i is an element of the scattering
matrix of the transition between the input section (v¢=0, v=0,) and upper section
(ve=1, v=1). This element is a complex amplitude of a j ¢ ¢h mode excited in the
v&h section when a juth mode of unit amplitude incidents to the transition from the
vth section. The indicated matrix elements are calculated by the well-known mode-
matching method [59-61] for a single-standing step in a waveguide in combination
with the method of generalized matrices of scattering (see, for instance, [62]) for
accounting for interaction between two steps.

The transverse electric and magnetic fields above the ends of the rods (23 h,) are
represented by expansions over the complete system of vector Floquet modes [18]
[see also formulas (1.24) and (1.25)]

Ey(%,,2) = M@ (TipgkWipg + Tapg Tpg Wapgle” 157" (5.75)
p-q

H(x,7,2)" €: = & (TipgTpgWipq + Tapgk Wapgle’ 7" (5.76)
12

with unknown amplitudes Tj,, (j = 1 and 2 for TE and TM modes, respectively),
propagation constants determined by formula (1.21), and transverse wave func-
tions determined by (1.20), (1.26), and (1.27). As with the waveguide modes, the
double index pq used in (5.75) and (5.76) will be replaced in subsequent formulas
by a single-standing index corresponding to an ordinal number of an appropriate
Floquet mode.

As with the incomplete Galerkin method [26-30], we represent the transverse
components of the fields in the free space region 0 £ z £ b, containing the dielectric
rods in the form of expansions over transverse vector functions (1.26) and (1.27)

E;(x,,2) = Nok@ [E14 (W14 + E24(2) vag] (5.77)
q
Hy(x,y,2) = kQ [Hig(2)Wi1g + Hag(2)W24] (5.78)
q

with unknown coefficients depending on z. Then the longitudinal field components
will be expressed by formulas
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E;(x,y,2) = "—;é waH14(2)y,4 (5.79)
q

H,(x,y,2) = - & wyE14(2)yg (5.80)
q

resulting from (5.77), (5.78), and Maxwell’s equations

R H+REE=0 (5.81)
o
N E- iknoH =0 (5.82)

where € = & in the rods and & =1 outside the rods. The constants w,in (5.79) and
(5.80), where g is an ordinal number replacing the double index as indicated earlier,
are determined in (1.21).

5.5.2 The Hybrid Projective Method

The electric field (5.77) at 2 = 0 must be equal to zero on the flange and to the
field (5.68) in the waveguide aperture. Projecting this condition on the func-
tions complex-conjugated to functions (1.26) and (1.27), we obtain algebraic

equations
& (Auern +B1,)OL - Eip(0)=0 (5.83)
Ez(0)= a[(Alne1n+Bln JOU: +(Azuern - Ban)O3724lk] (5.84)

where p is an ordinal number and

alm
It = OO Wi pdpdy (5.85)
00
The calculation of integrals (5.85) using the properties of the Bessel functions
yields
iy 2
Wpd) i
(,Uln ) /-11,, - (wpa)
1n _ ( l)m 1m ]WZ wpa) zm(bp
QZP (/~‘1n )1/2 wpa (5.87)

03, =s : Z()w:li)); ]_#l;ig}pa) e (5.88)
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s =2ia|rm /(dxdy)]llz, o, = arctg(Bylay), le;’ =0, and 2 is a number of an azimuthal
variation in an nth waveguide mode.

Magnetic field (5.69) in the waveguide aperture must be equal to magnetic field
(5.78) multiplied vectorially by e,. Projecting this condition on the functions com-
plex-conjugated to functions (5.70) and (5.71) and taking into account that

Vig € =-Vag, Yog e = Vi (5.89)

we obtain the algebraic equations

(Atmetim - Bun)¥im - kQ [Hag(0)O1)" - Hig(0)037" 1=0 (5.90)
q
(Asmerm + Bam)e + @ Hig(0)Q37" =0 (5.91)
q

where 7 is an ordinal number of a waveguide mode of appropriate type.

The projective matching of electric fields (5.75) and (5.77), as well as magnetic
fields (5.76) and (5.78) (the latter must be multiplied vectorially by e,) at z = b
yields relations

e

Elq(be) = qua qu(l’]e) =- qus

(5.92)
EZq(h )= /Q Tan HZq(h )= ?qu
from which we obtain the equalities
Fq
EZq(he) =- ?qu(he) (593)
Fq
HZq(he) ?Elq(he) (5-94)

to be used for the derivation of subsequent formulas.
Let us consider now Maxwell’s equation (5.81), which we multiply scalarly by 1//1[,
and integrate over the cell area S = d, ~ d,. Doing that, we use the vector identity

FXN” G)=GXN’" F)+NXG" F)

which is valid for any vector functions F and G, as well as the properties of the
transverse wave functions (1.20), (1.26), and (1.27)

N yap =-iwpype; (5.95)
F" w1y =Eyap - (Fxyaple; (5.96)

and as a result obtain projective relation

Q)Z?wpl//pH Vi x%ﬂ + i‘l’lp xH gdxdy =0 (5.97)
z o [}

S
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Deriving (5.97), we have also taken into account that the part of the divergence
associated with transverse coordinates gives no contribution to the integral because
of the boundary conditions in the Floquet cell.

The second projective relation is obtained after carrying out a similar operation
of projecting Maxwell’s equation (5.82) on the same function !//1p

G%zwpl//pE l//zl,:]T - l/QTIol//lpH dxdy 0 (5.98)

Projecting of Maxwell’s equations (5.81) and (5.82) on function l//Ep with ac-
count for properties of functions (1.26) and (1.27)

N™ yy,=0 (5.99)
F™ yap = - By +(Fxype; (5.100)
yields us two more relations

&« YH ikE « 0O
x——+—yn,E_dxdy =0 5.101
J Yip = YVap 5 y ( )
e 1% - iknoy2,H —dxdy 0 (5.102)

2
S

Substituting expansions (5.77) through (5.80) in relations (5.97), (5.98), (5.101),
and (5.102), we reduce them to a system of ordinary differential equations

[2Hy, + 28 w, Wy Hy, - ik djif’ =0 (5.103)
ey
ik dzlzf’ +T2E1, + k> @ (ZpgE1g - YpgEaq) =0 (5.104)
q

- i/edilhklé (YpgE1g + ZpgEaq) + K2 Exp =0 (5.105)

q
Ha, —idip (5.106)

with coefficients (see also [29])
Zpq(?) a”fzp;i vPa vy (5.107)
Yyole) = ZoPi CabPo (5.108)
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27r? J1(Dpgr)

Whq(2) = (g0 - 1) =7 5.109
pq(2) = (€c - 1) dudy Dyor ( )
where Dy = (01, - ) + (B, - fg)*]" and
i 10, 0f pe £ /’]0,
:
rR)=1 g (5.110)
i - - b h
I he_ho(z 0), 2> ho

is the rod radius depending on the longitudinal coordinate in accordance with Fig-
ure 5.24(b).

Note that relation (5.106) first provides the necessary condition N xH = 0 for
the magnetic field with components (5.78) and (5.80) and second eliminates the re-
dundancy of the number of the unknown coefficients standing in expansions (5.77)
and (5.78).

To solve the differential equations (5.103) through (5.105), we represent
the unknown variable coefficients standing in (5.77) and (5.78) in the form of

expansions
N
Hig(z)= @ Hingfu(2) (5.111)
n=1
¥
Eiq(x) =@ Ejuglu(z), j=1,2 (5.112)
n=1

over triangle functions similar to those in (5.20) with tops in N nodes arranged
uniformly on interval O£ z£ b, including its edges. Further, we apply the finite
element method to differential equations (5.103), (5.104), and (5.105). The pro-
cess involves the following operations. The indicated equations are multiplied
by f,.(z) and are integrated from O to b,. Expressions (5.84) and (5.93) are sub-
stituted into the nonintegral terms arising as a result of integration by parts of
the derivative of variable coefficient E,, in (5.103). Expression (5.94) is substi-
tuted into the nonintegral term arising after integration by parts of the deriva-
tive of variable coefficient H,, in (5.104), and (5.106) replaces coefficient H,,
appearing under the integral sign. When using (5.93) and (5.94), we take into
account that Hy,(h,) = Hynp, and Eq,(h,) = Eqyp- Finally, we substitute expan-
sions (5.111) and (5.112) into the integrals, and, as a result, obtain algebraic
equations

i8,1 [(Atsern +Bin)O3p +(Aznern - B2a)O3p vanlk]
N B . (5.113)
+i5mNHle I—i)/k +a ea Wl%nHlnq + iKmnEznpg: 0

n=18¢ ¢!
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- i5m1H2p(O) + i5mNE1Np Fp//e

N oo . (5.114)
+a A (Zpg Eing - Ypq E2np) =0
n=1 q
a [- iK™ Hyyp + aw, b Enp + Zpe' Eang)] = 0 (5.115)
n=1 q
with the matrix elements
Fz w w
Wha' =L 178, +— L= W 5.116
a—vz
8—1’"" Imn_épq vz (5.117)
Zpy =18, + 21y (5.118)
where
b
N - dfm Aty
=k mnd,]’""—— dz 11
Ofmfndes I =0 O g a G119
hg df o E df
"= Ofm—-dz, K™ = ” fndz (5.120)
0 dz
he
Wi = k fouWpafudz (5.121)
0

The integrals (5.119) and (5.121) are similar to those in (5.22), (5.23), and
(5.24), the explicit expressions for which are presented in Appendix SA. The values
of integrals (5.120) are written in Appendix 5B. Coefficients Zp; and Yy;" are cal-
culated by formula (5.121), where function (5.109) should be replaced by functions
(5.107) and (5.108), respectively.

Equations (5.74), (5.90), (5.91), and (5.92) (equalities H;,(0) = Hyy, and
E1,(0) = Eqy,, should be taken into account in the last three ones), as well as (5.113)
through (5.115), form a complete infinite algebraic system. We solve this system by
the method of truncation down to the order 4M+(3N+1)P, where M is the number
of the kept waveguide modes (for each of the sets of A;, and Bj,,j =1, 2) and P is
the number of the kept transverse functions for each of the sets of H,,(0), Hy,,;
Ei,g and Ey,0, n =1, ..., N. Since each triangular function partially overlaps only
the adjacent functions, the integrals (5.119) through (5.121) are equal to zero for
lm—nl>1, and, due to that fact, the matrix has a block-banded structure. Such a
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Figure 5.25 Structure of algebraic system matrix.

structure corresponding to N = 5 is shown in Figure 5.25 as an example, where the
blocks containing nonzero elements are shown in gray, while the blocks containing
nonzero elements only on its diagonals are marked by diagonal lines.

5.5.3 Array Characteristics

The amplitudes of the modes in the upper waveguide section obtained as a result of
the solution of the algebraic system derived earlier are used for calculation of ampli-
tudes of the modes reflected in the input waveguide section, including those of the
copolar and cross-polar TE;; modes. The calculation is performed using the scatter-
ing matrix of the intermediate waveguide section applied in (5.74) by formula

2
R = Spe1 800 + & & SiawgnBinin (5.122)
j=1 n

The amplitudes (5.122), together with the amplitudes of the Floquet modes
above the rods standing in (5.75) and (5.76) and determined by formula (5.92), are
used in the power balance relation

& [IR1,P? Re{yl!} +&; IRy, > Refy¥) )]
n

. . (5.123)

+8 [ITiy* + 1T, P 1Re(I,) = 1Y)

q
where )/52 = [k%g; - ( ,LL/n/a,-)z]l/ 2 are propagation constants of the modes in the input
section.

The array element pattern components in spherical coordinates are determined
via the amplitudes of the Floquet modes of zero order (see formulas (1.43) and
(1.44) or [18]) corresponding to ordinal number 1 accepted in this section) by

formulas
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k
Fo(0,0) = |~ T21(0,9)cos (5.124)
Y1
|k
Fp(0,0) = WTH(Q,(P)COSG (5.125)
1

where the normalization corresponds to the transmission coefficient of the input
power in the main array beam.

Using (5.124) and (5.125), we can calculate the copolar and cross-polar array
element patterns [18]

F++ _ F(; B ZFJ(;

V2

. (5.126)
Ft= F(p +iFg

NG

respectively, where Fy and Fq;' are element pattern components (5.124) and (5.125)
corresponding to the circular polarization of the incident mode with azimuthal in-
dex m = +1. The element pattern corresponding to excitation with circular polariza-
tion of the opposite rotation (7 = - 1) is calculated similarly. Using the appropriate
linear combinations of the solutions obtained for the two cases of circular polariza-
tion, we can also calculate the characteristics of the array at its excitation in the
TE; modes of linear horizontal and vertical polarization.

5.5.4 Results and Discussion

Calculation of the multimode scattering matrix for the transition used in (5.74) and
(5.122) has been carried out by taking into account the recommendations given in
[60-62]. The results available in [60, 61] for the partial case of the first azimuthal
variation have been used for testing the operation of the appropriate subroutine.
The system of linear algebraic equations is solved by the Gauss elimination method
with selection of the leading matrix element in a column. Minimization of the com-
putation time is achieved by excluding the blocks filled in with only zero elements
(Figure 5.25) from the processing.

The code operation has been validated in a few ways [18], including satisfac-
tion of the necessary condition associated with the symmetry of the array geometry
and with the power conservation law (the power balance relation is satisfied with
accuracy of at least six decimal digits), as well as convergence of the results and
their comparison to theoretical and measured data available in the literature for
some special cases of the array geometry. Dependence of the reflected power (mul-
tiplied by 10) on the length of the cylindrical rods in the array considered in [23] is
presented in Figure 5.26. The array elements are arranged in a square lattice with
element spacing d,, = d,, = 0.684. The values for the other array parameters are in-
dicated in the figure caption. The study of the convergence at the rod permittivity
€, =2 by increasing the number of nodes N has shown that high accuracy is already
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Figure 5.26 Reflected power versus rod length in equiphase array with square lattice at d, = d, =
0.684, gi=a,=a=rg=r; =0.244, gi=g,=€=¢,=2, N=1+20h,/A, M=16, P=25(DDD),49 (" "),
and 81 (o 0 0); (- —-) is the curve from [23].

achieved at node spacing D= 0.05A (i.e., at N =21 nodes per one wavelength). We
see in Figure 5.26 that the difference between the results obtained at P = 81 and
49 Floquet modes as a whole is smaller than the difference between the results
obtained at P =49 and 25 (i.e., the results converge). Besides, the results obtained
by the proposed method are close to the results presented in [23] and shown in Fig-
ure 5.26 by the dashed line.

The next example relates to the array described in [10-14]. The sector element
pattern in both main planes of this multi-element waveguide-rod array with hexago-
nal lattice is shaped by means of optimization of the rod parameters in the small
breadboard shown in Figure 5.1(b). The breadboard radiation patterns measured
in two main planes at excitation of the central element at circular polarization are
shown by solid lines in Figure 5.27. The array parameters corresponding to the
operating frequency are indicated in the figure caption. The element patterns calcu-
lated at M =16, P =37, and N =71 are represented by the curves with crosses. As
a whole, we see good correspondence between the measured and calculated results.
The differences taking place in some parts of the patterns are explained by the reso-
nance effects revealed by the theoretical model. However, such sharp resonances
cannot be observed using the breadboard with such a small number of elements.
A similar feature has been noted earlier in [20] as well. Moreover, the edge effect,
which is not taken into account in the theoretical model, seems to be the reason for
the difference between the results in the sidelobe region. This difference takes place
for the angles at which the edge rods are seen from the central element aperture in
the breadboard.

Characteristics of the array with element spacing d,, = 0.914 in the hexagonal lat-
tice (i.e., smaller than that in the previous example) are presented in Figure 5.28. The
waveguides of the array are excited in the TE;; modes of circular polarization with
azimuthal index 72 = +1. The array parameters indicated in the caption for Figure 5.28
have been selected to shape a sector element pattern in the main planes. This pattern
is compared to the element pattern of the array without rods shown by the lines with
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Figure 5.27 Element pattern in (a) horizontal and (b) vertical planes of hexagonal array with
dy,=1.13472, a;=a;=a=ry =0.40854, =1, & =1.385, h; =0.268A, e = ¢, = 2.08, h = 1.1347),
hy=0.8514, h,=1.98574, r; =0; (" ") is the calculation at M =16, P=37, N=71, and (—) is the
measurement.

crosses. Parameters of this array also indicated in the caption provide the absence of
the blindness effects. As we see, the rods improve the element pattern shape. How-
ever they may cause the appearance of the dips in the region of single-beam scan-
ning at the operating polarization. The indicated dips are accompanied by resonant
increases of the cross-polar radiation as well as of reflections both at the operat-
ing polarization and at the cross-polarization. Removal of these undesirable effects
so far is an important problem for the arrays with protruding dielectric elements.
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Figure 5.28 Element pattern and reflection coefficient in (a) horizontal and (b) vertical planes of
hexagonal array at d, = 0.914, a;= 0.244, a; = 0.3714, h;=0.3154, a = 0.424, h=0.34, ry = 0.44,
hy=0.54, h,=3A, =0, g=¢=€=¢,=2, M=16, P=37, N=101; (—) is the operating polariza-
tion; (- - - -) is the cross-polarization; ("~ ") is the element pattern of array without rods at d, =0.914,
a;=0.284, a,=0.32654, h;=0.574, a=0.44A, h=0.56A, =, =¢e=1.5.
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Arrays with Strip, Disk, and Wire
Structures

The dielectric rods considered in Chapter 5 are one of the simplest and effective types
of the phased array antenna elements used for shaping sector partial radiation pat-
terns of width (20 to 30)°. However, their use in large arrays designed for operation
in the S and L frequency bands is not justified because it would require too much
dielectric material, which itself may be rather expensive, and moreover the radiating
structure would bee too heavy. A more convenient slowing-down structure—an al-
ternative to dielectric rod in the indicated frequency bands—is a metallic corrugated
rod or a set of thin metallic disks arranged on a thin but strong dielectric rod. More-
over, the rods can be excluded from the array design if the disks of different elements
but of the same level are arranged on thin dielectric films or on foam layers. Such
multilayer disk structures may turn out to be a promising alternative to dielectric rod
structures for operating in higher frequency bands.

The use of corrugated rods in the antenna engineering is well known (see, for
instance, [1-3]). However, the possibility of shaping the sector partial patterns us-
ing such elements became a topic for study and discussion in the literature not
so long ago [4, 5]. The studies started from purely experimental breadboarding.
Then, a simplified theory for numerical modeling of one-dimensional waveguide
arrays with strip slowing-down structures was developed [5-7]. Generalizations
on the three-dimensional case, which is of primary interest for practice, was done
in [8-10]. The effectiveness of the approach proposed for numerical analysis and
optimization of the waveguide arrays with the disk slowing-down structures was
confirmed by measurements of the array characteristics in the appropriate radiating
structure breadboards [11].

Along with the strip and disk structures, array elements in the form of wire
Yagi-Uda antennas have also been considered [12—14]. Finally, other wire structures
have recently been proposed and considered in [15-18] for forming semitransparent
waveguide walls allowing us to shape the sector element patterns in one-dimensional
periodic arrays.

The methods developed for study of all the structures listed here and the array
characteristics obtained as a result of such a study are described later.

6.1 Experimental Breadboard of Array with Multidisk Radiators

6.1.1 Breadboard Design

The purpose of the work has been creation of an S-band radiating element in an
array designed for scanning in sector of (20 to 25)° in both principal planes. The
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radiating element selected to provide the specified requirements contains a disk
slowing-down structure excited by a pair of printed microstrip dipoles crossed at
right angles. Similar dipoles were also applied in other subsequent projects—in
particular, in a multibeam antenna designed for a stratospheric communication
system. A fragment of such an antenna is shown in [19]. The work in the present
case consists of a selection of such element parameters as the length of the struc-
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Figure 6.1 (a) General view and (b) side view of an array breadboard with multidisk radiators.
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ture, number of the disks, diameters of the disks, and distance from the dipoles to
the first disk. The indicated work was performed using a developed and fabricated
breadboard shown in Figure 6.1.

The base of the breadboard is a bearing aluminum plate in the form of an
equilateral hexagon. The pairs of the crossed dipoles enclosed in circular wave-
guide sections are installed on the plate in the nodes of a hexagonal lattice with
element spacing a = 1.12A, where A is the wavelength corresponding to the central
(reference) frequency f. The dipoles of the central element have inputs/outputs for
connection to the measurement equipment via a technological hybrid microstrip
divider/combiner designed for providing different types of excitation. The dipoles
of peripheral elements are terminated with matching loads, as it is required for de-
termining the array element pattern.

The disk structures are arranged on a common board, as shown in Figure 6.1.
The board is made of two thin textolite sheets divided by foam spacers. The spacer
thickness has been selected to provide minimum reflection at normal illumination
of the board by a plane wave. The board has holes performed along the axes of
the spacers. The holes are used for installing textolite rods of small diameter. The
rod height exceeds two wavelengths in the operating frequency band. The rods are
designed for arrangement of thin brass disks divided from each other by foam spac-
ers. A few sets of the disks of various diameter and a few sets of spacers of various
thickness were fabricated. The board with the disk structures is installed on the
bearing board using six posts arranged in the hexagon corners. The indicated posts
allow us to vary the distance from the board to the bearing plate.

6.1.2 Results of Measurement

Adjustment and testing of the assembled breadboard included two stages. At the
first stage, carried out in laboratory conditions, the dipoles were adjusted to mini-
mize VSWR and then measurements of isolation between the dipoles in the same
element as well as the measurements of coefficients of coupling between dipoles
of different elements were carried out. As a result of the dipole adjustment using
matching devices, the VSWR does not exceed 1.5 in a #4% frequency band. The
isolation measured between the crossed dipoles in each radiating element was no
less than 35 dB. The results of measurement of the coupling coefficients between the
dipoles of different elements had shown that the coupling between the dipoles of
the central element and the dipoles of the nearest elements did not exceed —30 dB.
These results confirm the fact that the interaction between traveling wave elements
takes place mainly in the direction of wave propagation.

The second stage of the breadboard adjustment and test was performed in an
anechoic chamber using the conventional method of radiation pattern measurement
in far zone. The previous experience of working with the dielectric rod elements
had allowed us to suggest that the second (outer) ring of the passive elements sur-
rounding the central element should not practically influence on the central element
performance. So, to make the work easier, the adjustment of the breadboard was
performed using only one (inner) ring of the passive elements. As a result of numer-
ous measurements, it had turned out that the best results were obtained using 7 or
8 disks of diameter from 0.2A to 0.44 arranged with spacing of about 0.2A.
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Verification of the suggestion indicated earlier was carried out after the adjust-
ment had shown that the central element patterns measured for one and two rings
of passive elements coincided down to the levels of —18 dB. The results presented
next correspond to the case of using all nineteen elements with identical disk struc-
tures, as shown in Figure 6.1.

The results of the element pattern measurements in two principal planes at the
central and two edge frequencies £, 0.965f, and 1.036f of the operating band, and
at two linear orthogonal polarizations are shown in Figures 6.2 and 6.3. If the array
under consideration is uniformly excited to scan the beam in the horizontal plane,
the array grating lobes are arranged in the horizontal plane as well. The positions
of two nearest grating lobes corresponding to steering of the main beam at 20° for
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Figure 6.2 Radiation pattern of the central array element in horizontal plane at (a) vertical and
(b) horizontal polarizations.
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the central and two edge frequencies are shown in Figure 6.2 by vertical straight
lines. The grating lobes in these positions come to the element pattern slope where
their level is =14 through —12 dB and has smaller values at smaller angles of the
beam deflection from the broadside. The element pattern in the vertical plane [Fig-
ure 6.3(a)] has somewhat higher sidelobe level compared to that in the horizontal
plane. However, the grating lobes do not come to the vertical plane when the main
beam scans in the specified region. The patterns in both planes have a good flat top,
so that the array gain variation in the specified scan region does not exceed 1.3 dB.
An example of the cross-polar element pattern in the horizontal plane at the central
frequency is shown in Figure 6.2(a) by the lower solid curve.
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The measured radiation patterns were used to approximate an evaluation of
the element directivity. This was done by means of appropriate integration of the
radiation pattern obtained by averaging the measured patterns. The result obtained
for the central frequency is equal to 10.7 dB. The appropriate theoretical maxi-
mum of the element directivity determined by formula D, = 10lg(47A/A?), where
A=+/34%/2 is the geometrical area allotted to one array element and is equal to
11.35 dB, demonstrating a sufficiently good concentration of the radiated power in
the specified scan region.

Note also that the element spacing selected according to the conventional ap-
proach corresponding to keeping the grating lobes outside the visible space for the
specified scan region of the main lobe would be equal to 0.86A. Therefore, the re-
duction of the controlled element number using the array element developed in this
work would be (1.12/0.86)% = 1.7 times.

The result of the work described was a new multidisk radiating element de-
signed for limited-scan phased array antennas. Improvement of the array element
performance is possible if more accurate selection of its geometric parameters can
be obtained. To do that with maximum effectiveness, it is of interest to develop ap-
propriate algorithms for computer modeling the array type in question. The next
sections are devoted to the development of such algorithms. We will first consider
a simplified two-dimensional model of a waveguide array where shaping of the sec-
tor element pattern is performed with using multilayer strip structures. After that,
the developed approach will be generalized to a more practical three-dimensional
model.

6.2 Waveguide Arrays with Strip Structures

The purpose of the present section is the creation and investigation of a two-dimen-
sional model of the corrugated-rod array where the disk structures are replaced by
strip structures. The latter also possess the capability of supporting slow waves at
a definite polarization of excitation [20]. The strip structures are excited by open
ends of parallel-plate waveguides. The choice of the waveguide excitation was made
on the basis of experience acquired from [4], which has shown that the best sector
shape of the array element pattern is achieved when the dipoles of the feed system
are arranged in the waveguide sections. In spite of the simplification, the model to
be considered later reveals some important features and capabilities of the struc-
tures in question. The results obtained in the process of such modeling may be
used in practice if the shaping of the sector element pattern is required in only one
plane.

6.2.1 Statement of the Problem and Method of Solution

Consider an infinite array, the cross-section of which in the Oxz plane of the rectan-
gular coordinate system Oxyz is shown in Figure 6.4. The array, assumed to be peri-
odic with period (element spacing) b along the x-axis and uniform along the y-axis,
consists of strip structures arranged symmetrically along the axis of the semi-infinite
parallel-plate waveguides of width a. Each of the indicated structures comprises L



6.2 Waveguide Arrays with Strip Structures 201

[ — 4 —_
—_— S, R b —_—
= 1
Zl
by J— —_ N
1 — —_ N
' 0 -
a

Figure 6.4 Geometry of a waveguide array with strip structures.

infinitely thin strips characterized by widths s;, and distances z; from the waveguide
aperture (I = 1, 2, ..., L). The strips, waveguide flanges, and waveguide walls are
assumed to be perfectly conducting.

The array parameter of principal interest here is the array element pattern. This
pattern corresponds to the case when only one waveguide of the array is excited,
while all the other waveguides are terminated with matching loads. However, as
done in the previous sections, we first consider the case of quasi-periodic excita-
tion of the array, since the zero-order Floquet mode amplitude of the radiated field
corresponding to such excitation can be used for determining the element pattern
according to [21] or formulas (1.112) and (1.114).

The strip structures described earlier are able to support slow waves only at
excitation of them by the TM waves with field components H,, E,, and E, not equal
to zero identically. Let each waveguide be excited by a superposition of TM modes
coming to the apertures. The amplitudes of these waves in different waveguides are
assumed to be identical, while the phases for adjacent waveguides are different by
a value U = kbsin6 determined by a specified angle 6 of deflection of the main array
beam from the array broadside. Then, omitting the time dependence assumed to
be given by factor e ', we write the total magnetic field in the central waveguide
(Ixl < a/2) in the form

¥ . .
Hy(x,2£0)= & (A" + Rye 7 )Fy(x) (6.1)
m=1

where A,, are amplitudes of the incident modes, which will be specified later; R,
are amplitudes of the reflected modes; ¥, are propagation constants determined by
formula (3.17); and

F o) = /2—451,,, cos (m - 1)7r£lx+a/2) (6.2)

are the orthonormalized transverse functions of the waveguide modes.
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The total magnetic field above the waveguide apertures is represented as an
expansion in terms of the Floquet modes

¥ .
Hyo2® 0= & Tog¥ o(le™ + 8 signie- ) & TipY o™= (63
q=-¥ =1 q=-¥

where T, are amplitudes of the modes going up from the waveguide apertures, T},
are amplitudes going up and down from the Ith strips,

Y lx) = Lo (6.4)

Jb

are transverse wave functions orthonormalized on the period of the structure, and
&, and I, are transverse and longitudinal propagation constants (4.7).

The field radiated into the region above the strips, which is of interest for the
subsequent calculation of the array element pattern, is determined from (6.3) by the
sum of Floquet modes

Hy(x,z2>z1) = a T,Y 4(x)e’ (6.5)
q=-¥
with amplitudes
L .
T, =Tog + @ Tige’ " (6.6)

=1

To determine the unknown amplitudes in the expansions (6.1) and (6.3), we use
the mode-matching method [22]. The total magnetic field must be continuous in the
waveguide aperture. Therefore, equating (6.1) and (6.3) and using the orthogonal-
ity of functions (6.2), we obtain the following relation between the waveguide and
Floquet modes

L ¥
At Rype = a TOquW a a quQ Q]e Coct (6.7)
q=-¥ I=1q=-¥
where m¢=1, 2, ..., and
al2
qu = éFm(x)Yq(x)dx
- /2 /2 (6.8)
- - i0ga _ (o q1ym-1 ioga
_ (2 51'")aiaqae : (-1)7" e .
b (atga)” - [(m- 1)m]
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The transverse component of the total electric field determined by the magnetic
fields (6.1) and (6.3) from the Maxwell equation

Eelng) = L IHh02)

Ciwey Tz (6.9)

must be continuous in the waveguide aperture and equal to zero on the waveguide
flanges. This condition and the orthogonality of functions (6.4) lead to the second
relation

L A ¥ )
TyTog+ @ TyTige" ™ = & Yn(Am - Rin)Ong (6.10)
1=1

m=1

where g = 0, 21, £2, ..., and the asterisk denotes complex conjugation.

Now consider the boundary conditions for the electromagnetic field in the re-
gion of the strips. The magnetic field (6.3) must be continuous in the gaps between
the strips and must suffer jumps, equal to the current density, when going over the
strips; that is,

¥
Hy(x,21 +0)- Hylx,21- 0)=2 & TigY 4(%)
q=-¥

1= Jxi(x), x| £ 5;/2, (6.11)
_t
_-I.

i

f 0, s/2<IxIEb/2, [=1,2,...,L

The only nonzero x-component of the current density on each strip, J,,/(x), must
go to zero at the strip edges. So, we expand this function into the following series:

¥
Jx(x) =284 CinF 1n(x) (6.12)

n=1

where factor 2 is introduced for convenience of the subsequent calculations, Cj, are
unknown coefficients, and

Emlx) = |2 sin PE T2 (6.13)

SI Sl

are functions orthonormalized on the /th strip, and equal to zero at the edges of the
latter.

Using the orthogonality of functions (6.4), and taking into account (6.12), we
express amplitudes T}, from (6.11) via C;, by formula

¥
Tig =- & CinOlng (6.14)

n=1
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where
s1/2 n 102 -iogs)/2
= = /251 (-1)fe™ - e
Olng = Fr.(x)Y 4(x)dx = ,|—nn (6.15)
d _592 a b (otgsi ) - (nm)?

The tangential component of the total electric field must be equal to zero on
the strips. Therefore, equating (6.9) to zero on the [¢h strip, taking into account
(6.14), and projecting the obtained functional equation on the #&h function (6.13)
for the indicated strip (i.e., applying the Galerkin method), we obtain the following
algebraic equations

¥ L ¥ ¥
A S A il
é TOquQlWIqequzm' é é Cin é, GQlWthnqequ de =0 (6.16)
q=-¥ I=1n=1  g=-¥

where I¢=1,2, ..., L;and n¢=1, 2, ... .

If we now substitute (6.14) into (6.7) and (6.10), the indicated equations to-
gether with (6.16) can constitute an infinite algebraic system for unknown ampli-
tudes R,,,, Ty, and Cj,,. However, such a system, which can be solved by the method
of truncation, would have a rather high order, mainly because of the necessity of
taking into account a large number of the Floquet modes. So, to obtain a system
of a smaller order, we perform the following additional operations. Let Wbe a set
of numbers g of those Floquet modes for which, for instance, Im{I';}<k, and let W¢
be a set of numbers for all the rest of the modes of higher order. Then, substituting
the amplitudes Ty, expressed from (6.10) for q T W into (6.7) and (6.16), and
taking into account (6.14) in (6.7) and (6.10), we obtain the following final form
of the algebraic system

¥

8 [(Rox + An)oen + (R =AY & T QO]
m=1 W
Ly oy | (6.17)
- é_ TOqu([q - é_ é_ Cr, é anmQ]anqequZI - 0, me= 1’ 2’ .
qw I=1n=1  gq=-¥
y L ¥
o * o o il s
a (Ru - An)¥mOmaet Togel ze- A @ CinOlnge =0, q¢l W (6.18)
m=1 I=1n=1
3‘ o ~ * i o ~ i,
a (Rm - Am)Ym a Qll’h@]quel asle a TOq Fqu(hQ]el 9zt
m=1 qlWe qw
VN (6.19)
[¢] o o ~ ~ % /|
+8 & Ci & T40104 Qg™ - Gg) =0
I=1n=1  g=-¥

16=1,2,..,L; n¢=1,2,...

where 6,,4,, is the Kronecker symbol, 17, =1 and {jq, = 0 for g T W, and n,=2and
Clag = explil y(zje+ )] for g 1 W&
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The infinite system of equations (6.17) through (6.19) is solved by the method
of truncation. In this case, depending on the width of the waveguides and strips,
high accuracy of calculations is achieved by taking into account 10 to 20 waveguide
modes and 6 to 12 current harmonics for each strip. As follows from (6.8) and
(6.15), the infinite series in (6.17) and (6.19) converge like g~ as Igl ® ¥, so their
sums can be easily calculated with high accuracy.

After solving the truncated system (6.17) to (6.19), for instance, by the Gauss
elimination method, the array element pattern corresponding to the coefficient of
transmission of the incident power to the main beam is calculated by formula

F6) = \F Ty (kbsin®)|cosb (6.20)
a
where T(U) is the Floquet mode amplitude determined from (6.6).

6.2.2 Numerical Results and Discussion

The algorithm described earlier has been implemented in FORTRAN code whose
operation has been tested via various ways indicated in [21] and in the previous
chapters. Then code has also been used for studying the adopted array model. The
study has shown that the sector element patterns can be shaped by the strip struc-
tures only if the latter support the slow waves (i.e., for s<0.54 and z;,1-2)<0.54
[20]). In this case, the better quality of the element pattern shape is achieved for
the maximum waveguide width (i.e., for a = b). The quality of the pattern shape is
also considerably influenced by the conditions of excitation of the strip structures.
Some of the characteristic examples illustrating the indicated features are consid-
ered next.

Consider an array of dual-mode waveguides with parameters a = b = 0.8, ex-
cited by TE; modes (which are the TEM modes) of unit amplitudes [i.e., A; = 1 and
A,, =0 form>1in (6.1) and (6.17) to (6.19)]. The element pattern (6.20) in the
absence of the strips is a falling-off function shown by crosses in Figure 6.5. The use
of the slow-wave structures, each of which consists of L = 6 strips with parameters
s;= 0.2Aand ;=[0.2 +0.14(/ - 1)]A, (/I =1, 2, ..., 6), obtained as a result of opti-
mization, allows a considerable increase of the element pattern level in the region
Alb - 1 <sin@ < A/(2b), as shown in Figure 6.5 by the curve with major dashes.
However, the fall-off of the element pattern level in the region sin@ £ A/b - 1 keeps
the same as that for the array without the strips. Such behavior is associated with
an increase of the reflected power at the quasi-periodic excitation reaching 11.5%,
with almost all the reflected power (10.5% of the incident power) being transferred
by the second propagating mode TM,. This power can be used for improving the
element pattern shape in the following way. Assume that the dual-mode waveguides
in question are fed through single-mode waveguides and symmetric matching tran-
sitions, similar to those considered in Chapter 3. Then the TM, modes going down
from the apertures will be completely reflected from the transitions, returned back
to the apertures, and used for excitation of the strip structures. To simulate such
a situation, we specify the amplitudes of the incident modes in (6.1) and (6.17) to
(6.19) as follows: A; =1, A, = R, exp(iy,), where v, is the phase with which the
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Figure 6.5 Element pattern of array with b = a = 0.8.

TM, modes return back to the apertures, and A,, =0 for m >2 (i.e., the interaction
between the transitions and waveguide apertures over the evanescent modes is as-
sumed to be negligibly small).

The calculations have shown that the performances of the accepted model for
various values of y, are similar to those of the array of thick-walled waveguides
with fences [23]. At y, = 210°, the element pattern of the array with the strip
structures whose parameters were indicated earlier is shown in Figure 6.5 by a
solid curve. Comparing this pattern to the sector element patterns presented in the
previous chapters, as well as to the ideal sector element pattern shown in Figure 6.5
by small dashes, we can conclude that the obtained sector patterns is of relatively
high quality.

The behavior of the element pattern shape when changing the frequency for
the array in question is illustrated by the curves shown in Figure 6.6. The presented
patterns have been calculated for the array with the linear dimensions multiplied
by ratio f/f, , where f is an operating frequency and f, is a reference frequency to
which all the dimensions indicated earlier in wavelengths correspond. The phase of
the second mode in this case has been calculated by formula

)= va(fo)2(f) (6.21)

v =" )

obtained in the assumption that the phase is mainly determined by the distance
between the aperture and transition. The results show that the sector shape of the
element pattern keeps well at least in a 10% frequency band, and the pattern width
changes in a natural way in accordance with the change of the element spacing ex-
pressed in A with frequency.
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Figure 6.6 Element pattern of array with b =a =0.81 in the presence of strip structures at frequen-
cies fy (reference frequency), 0.95f;, and 1.05f,,.

The next example is an array of waveguides of width a = b = 1.24, at which
three waveguide modes (TEM, TM,, and TM3) are propagating. If the waveguides
are only excited by the TEM modes, when A; =1and A,,=0 form > 11in (6.1) and
(6.17) to (6.19), the optimized structures consisting of L = 6 strips with parameters
s;=024and g, =[0.2 +0.39(/- 1)]A, (I=1, 2, ...,L), allow us to obtain the ele-
ment pattern shown by triangles in Figure 6.7, where the crosses correspond to the
element pattern of the array without strips. The comparison shows that the strips
improve the element pattern shape in the region of the grating lobe movement.
However, the fall-off of the pattern level in the sector of scan remains considerable.
The indicated fall-off is explained by the increase of the reflected power, which
achieves about 19% at the edge of the scan sector, with up to 3% and 15% of the in-
cident power being reflected in the TM, and TM3 modes, respectively. If we assume
that only reflected TM, modes return back to the apertures [i.e., A; = R, exp(iy,)
in (6.1) and (6.17) to (6.19)], we can slightly improve the element pattern shape,
as shown in Figure 6.7 by a major-dashed curve calculated at y, =290°. However,
since the second modes transfer only a small part of the reflected power, the improve-
ment achieved is not considerable. A significantly greater effect can be achieved by
using both the second and the third modes. Assume that at some distance from the
aperture, each triple-mode waveguide is divided by two symmetric dual-mode chan-
nels connected through symmetric matched transitions to single-mode waveguides.
The latter, in turn, are connected to the arms of a symmetric matched two-channel
power divider. In this case, both modes will be completely returned to the apertures,
and, similarly to the second mode, for the third one we can write A5 = R3 exp(iy3),
where phase y; is determined independently from the phase w,. The element pat-
tern corresponding to the array in question with optimum value y3 = 300° is shown
in Figure 6.7 by the solid curve, and the curve shown by small dashes represents the
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Figure 6.7 Element pattern of array with b=a=1.21.

corresponding ideal sector element pattern. So, like in the case of the dual-mode
waveguide array, the optimized strip structures at optimum excitation allow us to
obtain the sector element patterns of high quality.

Variations of the element pattern shape in a 10% frequency band are shown
in Figure 6.8. The frequency dependence of the phase for the third mode has been
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0 0.2 0.4 0.6 0.8 1
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Figure 6.8 Element pattern of an array with b =a =1.21 in the presence of strip structures at fre-

quencies f, (reference frequency), 0.95f,, and 1.05f,.
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Figure 6.9 Element pattern of an array with b = a = 0.654 and b = a = 1.3 shaped by optimized
strip structures.

calculated by formula (6.21) with replacement of the index 2 by index 3, while
calculation of the phase for the second mode has been performed in the same way
as in the previous example. Although the latter is a rather rough approximation in
this case, it exerts no considerable influence on the results because the power in the
second mode is much smaller than in the third one.

The range of the array element spacing, for which the strip structures allow
shaping the sector element patterns of high quality, is characterized by the examples
presented in Figure 6.9. The element patterns shown here correspond to the arrays
with the following parameters a = b = 0.654, s; = 0.24, ;= [0.2 + 0.0875(/ - 1)]A,
1=1,2,...,L,L =9, y, =230° and witha = b = 1.3, 5, = 0.24, 2, = [0.2 + 0.39
(I- DA 1=1,2,..., L, L =6, y, =300° y, =270°. The quality of the achieved sec-
tor element patterns worsens with the further decrease of the element spacing due to
increasing the reflected power in the dominant TEM mode. The further increase of
the spacing from 1.3 results in difficulties in suppressing the sidelobes.

6.3 Planar Array of Circular Waveguides with Disk Structures

6.3.1 Geometry, Excitation, and Field Representation

The technique developed for numerical analysis of the one-dimensional periodic
array of parallel-plate waveguides exciting the strip slow-wave structures is gen-
eralized here for the case of a planar dually periodic array of circular waveguides
exciting disk slow-wave structures. The geometry of the array accepted as a model
for theoretical and numerical analysis is shown in Figure 6.10, together with a rect-
angular Cartesian system of coordinates x, y, and z. The array is an infinite dually
periodic structure where the elements are arranged in rows with spacing d,. and the
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Figure 6.10 Geometry of planar periodic array of circular waveguides with multilayer disk struc-
tures: (a) top view and (b) cross-section on 0xz plane.

rows are arranged with spacing d,. The array elements can form both a rectangular
lattice and a triangular lattice, as shown in Figure 6.10, where the neighboring rows
are shifted along the x-axis by d,/2 with respect to each other. The array element
consists of an input semi-infinite circular waveguide of diameter 2a(, a matching
transition of diameter 2a¢and length »¢ and a radiation section of diameter 2a and
length b. The indicated sections are connected by flanges, have a common axis, and
may be filled with dielectric of relative permittivity &, €, and ¢, respectively. The
radiating sections have a common infinite flange. Along the axis of each waveguide,
there are arranged L disks of diameter 27 and zero thickness. Their positions above
the aperture are characterized by parameters z;, where | £/ £ L. All the waveguide
sections, flanges, and disks are assumed to be perfectly conducting.

We also assume that the input waveguides are excited by their dominant TE;
modes of circular polarization. The incident modes have identical amplitudes, and their
phases change linearly along the main axes corresponding to a specified direction of the
main lobe in space in the same manner as described in Section 5.5.1. The radiated field
calculated for such a quasi-periodic excitation will be subsequently used for calculation
of the array element pattern, which is of primary interest in this study.

Comparing Figures 6.10 and 5.24, as well as their descriptions, we can note
that the waveguide part of the array with dielectric elements is identical to the
waveguide part of the array with disk structures up to notation of the parameters.
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So, representing the electric and magnetic fields in the radiating section of the array
in question, we will use formulas (5.68) and (5.69) together with the subsequent
description of the parameters standing in them.

The disk structures differ from the protruding dielectric elements, and therefore
the representation of the fields above the waveguide apertures will be different.
Namely, the strengths of the total transverse electric and magnetic fields in the re-
gion z3 0 are represented as the following expansions in the terms of the complete
system of the Floquet mode vector wave functions (1.26) and (1.27):

L
Ei(x,,2) = 0@ & (KT}, Wipg(x,y)

I=0p.q (6.22)
+Tpg T3 Wapq(x,y)]e™? a2
&
Hix,y,2)" e; = Q sign(z - z)
1=0
_— (6.23)
8 [Ty Ty Wipq e, ) + KTH)  yapg e, )l T
p,q
where Tp ipq are unknown amplitudes of the TE (j = 1) and TM (j = 2) modes going

from the planes z = zj, with zy = 0. The transverse and longitudinal propagation
constants involved in (6.22) and (6.23) are determined by formulas (1.21).

As with the case of the array with strip structures considered in the previous
section, the amplitudes of the Floquet modes going from the planes of the disks are
expressed via the surface current densities j,(p,9), 1 £ £ L, on the disks by formulas

r2m
Tipy = - 20, ¢ 001;(p, )W 1pg (%, y)pdpdep (6.24)
1 r2m
g = 55 0071 (P@) 29 (x,y)pdpdep (6.25)
00

resulting from the more general expressions (1.29) through (1.32). The indicated
current densities are represented by the expansions

2
ji(ps9) = -2k & & CL),finn (P> 0) (6.26)

m,n j=1

in terms of a complete system of vector functions fi,,,,,(0,9) and f5,,,,,(p,®). Following the
approach applied in [24] for analysis of a periodic structure with rectangular plates, we
obtain the indicated functions from functions (5.70) and (5.71) by replacement of a by
7, and subsequent vector multiplication of them by - e, and e,, respectively, to satisfy the
zero condition for the radial component of the current density at the disk edge.
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6.3.2 Algebraic System and Array Characteristics

The unknown coefficients in the expansions written earlier are determined using the
boundary conditions for the fields in the waveguide aperture, on the flange, and on
the surfaces of the disks. The electric field (6.22) at z = 0 must vanish on the flange
and must be equal to the electric field (5.68) in the waveguide aperture. Using the
orthogonality of functions (1.26) and (1.27), we obtain the relations

Qo

Tl(gz = é Q%;nqn(Almnelmn + Blmn) - Tl(QqeirquI (627)
myn

~
1

1

L
Fpﬂ‘q(té. Tz(l;(rq(]:: é [kQ;;ntqu;(Almnelmn +Blmn)
1=0 m,n (6.28)

+y2an%gé]l¢(A2mneZmn - B )]

where coefficients Q,’g;m are determined by formulas (5.85) through (5.88).
Similarly, substituting (6.26), (1.26), and (1.27) into (6.24) and (6.25), we obtain

2
l _ k [*] [*] ' l
Tihg =+ & & DipyC, (6.29)
Pq mnj=1
Hh _ 28 Tmn (1
7)), =& Dyyrcl)., (6.30)
myn

where [=1,2, ..., L; D%qun =- %’;’;’, Dlzg';" = Q%Z’qn, and D%’;Zz = Qllglqn with replace-
ment of a by r.

Now let us proceed directly to forming the final system of algebraic equations.
The first part is formed by the relations between the amplitude of the incident mode
in the input waveguide and the amplitudes of the forward and backward modes in
the radiating section similar to (5.43):

2
2 2 ,11 — om,10 ]

Ajonne~ & & St ruimnBimn = St (6.31)
n j=1

wherej6=1,2;m=0,+1,+2,...;76=1,2,...;2=1,2;#2=1,2,...; Alg . 0= 81jaB1mOing
or A;@W@ = 81jed- 1mO1n¢ are amplitudes of the incident modes; §,,,, is the Kronecker
symbol; and S%;E?; is the element of the scattering matrix for the transition between
the input (index 0) and radiating (index 1) sections. This element is the amplitude of
the jénn&h mode, excited in the v¢section when the jmnth mode of unit amplitude
incidents in the vth section.

The second part of the system is obtained from the continuity condition for the

magnetic fields (5.69) and (6.23) in the waveguide aperture. Using the orthogonal-
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ity of functions (5.70) and (5.71) here, as well as taking into account the relations

(6.27), (6.29), and (6.30), we obtain

[] [*]
a (elmnAlmn +Blmn)a FPqQ%;nq%G %Z’:]n
myn 120}
o 0
- Yimed€1meeAimee- Bunad + Q kQ;?waz(p)q
. pa (6.32)
o o () 2 1mei¢ 1 1m®¢ Nlmn\ ilpgz
-ka a (G, 201, Dy’ + Oy Dy f)e! 11
I=1mn p.q
+Cyn @ 200 Dy 179120
g
o
- €eametAamect Bamad) + Q Q%Z;WTZ(%
g
L (6.33)
o o () & ~2mut Nlmn ilpgzi _
-aacd,.a Osp0" Dypye v =0
m,

—
1

1 p.q

where m¢=0,+1,+2,...and n¢=1,2, ....
The next part of the system is obtained from (6.28) and by taking (6.30) into
account

é [kQZ%;q;(Almnelmn + Biyn) + 72an§Z1¢;j¢(A2mneZmn - Baynn)l
myn

. (6.34)
[o] [o] 1
- Tpoydie @ @ Chh ydDipae 79 =0
I=1m,n
where p¢ g¢=0,+1,+2 ....

Finally, the fourth part of the system is obtained from the zero boundary condi-
tion for the electric field (6.22) on the surface of each disk. Projecting this equal-
ity on the weighting functions fime:d0,®) and fomadp, @), as well as taking (6.27),
(6.29), and (6.30) into account, we obtain

2 2 0101 1 il oz
a (Atmnelmn + Blmn)a kD{pq ngzqne pakic
mn bsq
Q —(0) 1t il oL o g 0 _Igenon (6.35)
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rat ! (6.36)
r : U
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I6=1,2,...L;j¢=1,2; m¢=0, +1, £2, ... and n¢=1,2, ... .
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After appropriate truncation (to be discussed in the next section), the system
of equations (6.31) through (6.34) is solved numerically by the Gauss elimination
method. The results of that solution are used for calculation of the array character-
istics of practical interest. The amplitudes of the modes reflected in the input wave-
guide, including the copolar and cross-polar reflection coefficients for the dominant
TE;; mode, are calculated using (5.122). The components of the array element pat-
tern are determined by (5.124) and (5.125). The amplitudes of the Floquet modes
above the disk structures used for calculation of the element pattern are determined
by the expressions

— 8 1
Tlpq =a (Almnejmn +Blmn)Q1;nqn

myn
L (6.37)
. sin(lp,27)
-2ikg ST (cf) i ), D)
=1 pq myn
0 & Ty & )
Tapg = To0 +@ ¢ 1171 § Cf), Dy (6.38)

=1 myn

resulted from (6.22) at z3 z; and taking (6.27), (6.29), and (6.30) into account. Re-
member, the second index 1 in (5.124) and (5.125) corresponds to the zero values
of indices p and q in this section. The amplitudes of the reflected modes (5.122) and
the amplitudes Floquet modes (6.37) and (6.38) are used for checking satisfaction
of the power balance relation (5.123).

6.3.3 Results of Numerical Modeling

The operation of the FORTRAN code developed according to the algorithm de-
scribed earlier has been tested in different ways. In particular, the results of its
operation obtained keeping 20 to 40 waveguide modes with -4 £ m £ 4 and 200
to 300 Floquet modes have been in complete agreement with the calculated and
measured data available in [21] for a number of geometrical configuration of the
array without the disks.

The calculations of the array with the disk structure have been performed with
the same number of modes for each disk, as was used for the modes in the radiating
sections. The number of the Floquet modes, Ny, has been determined from the con-
dition wy,, £ wy,,«, where w,, is a specified radius in the space of direction cosines.
A typical example demonstrating the influence of Ny on the reflection coefficient
for a hexagonal array with parameters a, = 0.364, a = a¢= 0.5A, h¢=0, h = 24,
eV=¢g=¢eg=1,d,=1.141, r=0.151, L = 8, and z; = 0.34 + 0.1(/ - 1)A, chosen
afterward in the breadboard design, is presented in Table 6.1.

As we can see, stabilization of the results takes place for a significantly greater
number of the Floquet modes than that in the absence of the disks. This is explained
by the accuracy required for the calculation of the matrix elements (6.36) converg-
ing as w3}, for the disks of the same level when I = I¢ The convergence of the matrix
elements corresponding to the interactions between the disks of different levels in
(6.36), as well as between the disks and waveguide apertures in (6.32) to (6.35), is
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Table 6.1 Convergence of Reflection Coefficient
with Increasing Number of Floquet Modes Kept for
Array with Disks at Broadside Beam Position

Ny Wk Re(R; ;) Im{R;,,}
169 7.3 -0.0196 -0.3188
235 8.3 -0.0816 ~0.1683
295 9.3 -0.0858 -0.1363
361 10.3 ~0.0842 -0.1363
433 11.3 -0.0738 ~0.1087
511 123 -0.0596 -0.0926
595 13.3 -0.0521 -0.0839
703 14.3 ~0.0537 ~0.0854

exponential, and hence the necessary accuracy is achieved for a much smaller num-
ber of the Floquet modes.

After performing the tests indicated earlier, the developed code has been used
for calculation and optimization of a hexagonal array designed for scanning within
a cone with flare angles of £20° in the horizontal and vertical planes (Figure 6.10).
Taking into account of the experience of [4], the element spacing has been chosen
as d, = 1.144 at a specified reference frequency f,. The numerical experiments have
shown that the best results are achieved when the radiation section has maximum
radius a =d, /2 providing maximum element gain of the array element in the absence
of the disks. However, to provide the necessary strength of the breadboard design,
the chosen radiating section radius is slightly smaller: a = 0.5A. The input waveguide
radius gy =0.361 is standard at the specified frequency. No dielectric filling has been
used. The calculations have shown that the junction between the input and radiat-
ing sections is matched almost ideally itself so that the transition is not required,
and the transition parameters in the subsequent calculations have been specified as
at=a and h¢= 0. The initial values for the radius and number of the disks in the
element » = 0.151 and L = 8 have been chosen in accordance with the experience
of the experimental work [4] and the simulations of the two-dimensional model [6,
7]. Finally, the radiation section length » = 24 and the equidistant arrangement of
the disks with z; =0.31 and z; = A have been determined as a result of the numeri-
cal experiment taking into account the mechanical design of the breadboard. The
calculations have been performed by taking into account 250 coefficients Tz(g)q and
up to Nf» 700 terms in the series (6.36).

The calculated magnitudes of the copolar and cross-polar element patterns and
reflection coefficients in horizontal and vertical planes of the array under consider-
ation excited by the circularly polarized TE;; modes at reference frequency f, are
presented in Figure 6.11. The copolar element patterns of the array without the
disks are also given for comparison. The results show that when the main beam
scans by 20° from the broadside (sin 20° » 0.342) in the horizontal and vertical
planes, the element gain of the array with the disks is higher than that in the ab-
sence of the disks by 1.6 and 1.5 dB, respectively. The use of the disks also results
in a reduction of the maximum grating lobe level from -7.9 to —12 dB. The copolar
reflection coefficient within the scan sector does not exceed 0.12 (VSWR » 1.27)
in the horizontal plane and 0.074 (VSWR » 1.16) in the vertical plane. The total
return loss in the indicated planes is less than —18.2 dB and -21 dB, respectively.
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Figure 6.11 Element pattern and reflection coefficient at circular polarization in (a) horizontal and
(b) vertical planes of a hexagonal array with d, = 1.1424, ay = 0.36, a¢=ap, h; =0, a=0.54, €@ =¢¢
=e=1,h=24,r=0.154, L =8, z; =0.34, and z; = A at central frequency f,.
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The modeling has also shown that the element pattern shape does not practically
change as the parameters of the structure vary in the limits 6 £ L £ 9, 0.14A£ 7 £
0.16A,and 0.11 £ z; £0.3A.

As already noted in Chapter 1, one of the parameters characterizing the qual-
ity of limited-scan arrays is the element use efficiency [25] or its inverse param-
eter, the element use factor [26, 27]. The latter can be approximately evaluated as
= (dy max/dy)?, where d, .« is the maximum element spacing corresponding to
the ideal contour element pattern. This spacing is approximately equal to 1.6884
for the ideal element pattern of £20° width. The indicated data as well as the value
indicated earlier for the actual element spacing give {» 2.19. However, since the av-
erage level of the actual array element pattern shown in Figure 6.11 is about 0.92 of
the maximum level within the scan region, the “geometrical” value of the element
use factor obtained earlier should additionally be multiplied by 0.9272. Then the
element use factor will approximately equal 2.59. This value lies within the typical
range for the arrays, where the efficient overlapping of the subarrays extends only
to the closest neighbor array cells [27, 28].

The array element patterns calculated at frequencies 0.967f, and 0.977f,, as
well as at 1.017f, and 1.033/,, are presented in Figures 6.12 and 6.13, respectively.
The results show that the changes of the pattern shape within a 5.6% band from
0.977fy to 1.033f, are insignificant, and such behavior corresponds to the results
presented in Section 6.1 and [4]. However, in Figure 6.12 we see that the element
patterns of the array with disks at frequency 0.967f, have sharp dips in the broad-
side, which are absent in the element pattern of the array without the disks. There-
fore, the disk structure here is similar to a dielectric cover, the role of which in the
surface wave excitation causing the similar dips is discussed in detail in [21].

The modeling shows that the dips also occur at the element pattern broadside
in the array with a square lattice at d, = d,, » 0.9744 and the disk structure pa-
rameters indicated earlier. Because of the high degree of the hexagonal and square
lattice symmetry, as well as the circular symmetry of the array element, the effect
in question is independent of the incident TE;; mode polarization. However, when
the indicated lattice symmetry is broken, the effect can occur for only one linear
polarization (e.g., at the vertical polarization in a rectangular lattice where d, has a
resonant value while d,, differs slightly). The calculations also show that the depth
of the resonant pattern level reduction depends on the disk structure parameters—
particularly on the height of its lower side above the waveguide apertures. This fact
confirms the role of the higher order Floquet modes in the excitation of the surface
waves in the structure.

The waveguide structure with hexagonal lattice period of 1.1 to 1.24 and the
radiating section diameter of about one wavelength without dielectric filling is char-
acterized by good natural match to free space and by the absence of the resonance
effects. The application of the disk structures allows shaping the sector element
patterns in arrays designed for scanning within a sector of about +20° in the prin-
cipal planes. The shaping of wider sector element patterns requires the use of ap-
propriately smaller element spacing and waveguides of smaller diameter. As shown
in [9], this situation requires additional discussion. As an example, let us consider a
hexagonal array with d,, = 0.924 and a = 0.45A. The array element pattern at circu-
lar polarization in the absence of the dielectric filling and disk structures is shown
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Figure 6.12 Element pattern at circular polarization in (a) horizontal and (b) vertical planes of
hexagonal array with parameters indicated in the caption for Figure 6.11 at frequencies f = 0.967f,
and f=0.977f,.
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Figure 6.13 Element pattern at circular polarization in (a) horizontal and (b) vertical planes of
hexagonal array with parameters indicated in the caption for Figure 6.11 at frequencies f = 1.017f,

and f=1.033f,.
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in Figure 6.14 by the curve with smaller dashes. This pattern has resonance dips in
the single-beam scan region. These dips can be removed by application of dielectric
plugs of definite height and permittivity [21]. The plug permittivity is chosen to
make the mode TE,; propagate. The element pattern corresponding to parameters
€=1.5,h=0.482, ay = at= 0.344, €9 = e¢= 1, and h¢= 0 is shown in Figure 6.14
by the curve with major dashes. Application of the disk structures with = 0.154,
L=8,and ;= 0.3A4+0.093A(/-1), =1, 2, ..., L, obtained as a result of numerical

0.8r
v 0.6
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< 0.4F --- With plugs N
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Amplitude

0.2r

sin@

(b)

Figure 6.14 Element pattern at circular polarization in (a) horizontal and (b) vertical planes of hex-
agonal array with d, =0.921, gy =a’ =a=0.454, ht=0, eD=¢¢=1, £=1.5, h=0.481 in the absence
of disks and of the same array with disks at r=0.154, L =8, and z,= 0.3 + 0.093A(/-1).
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optimization, allows considerable improvement of the element pattern shape. This
pattern, shown in Figure 6.14 by the solid curve, has a considerably higher level in
the scan region of the main beam and a correspondingly reduced level in the regions
of the grating lobes. Shaping of the sector element patterns of even greater width is
also possible in principle, but already has a smaller effect [9].

6.3.4 Results of Breadboarding

The method of analysis and the results of calculations presented earlier for a hex-
agonal array with element spacing 1.14A have been used for creating two bread-
boards of the array with disk structures designed for operation in the K,- and
X-bands of frequencies. The photographs of the K,-band array breadboard are
shown in Figure 6.15.

The antenna consists of two major parts, namely, an exciting structure and a disk
structure. The former is a thick aluminum plate containing 19 holes of diameter 24,
= 7.2 mm corresponding to the input waveguide sections shown in Figure 6.10(b).

(b)

Figure 6.15 Nineteen-element breadboard of waveguide array with disk structures: (a) in assem-
bled state and (b) separate components of design.
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The axes of the holes are arranged in the nodes of a hexagonal lattice with period
11.4 mm. The upper radiating section is assembled using plates of different thick-
ness, as shown in Figure 6.15(b), with holes of diameter 2a = 10 mm whose axes
coincide with the axes of the input holes in the lower plate. The set of the indicated
plates allows us to assemble the upper waveguide sections at different heights if
necessary. The height of the radiating section in the final variant is equal to » = 20
mm.

The second major part of the breadboard contains the disk structures. The
disks are arranged on eight dielectric films of thickness 0.05 mm. Formation of the
disks on the films has been performed using the ion-beam method. The films are
fixed on the ring frames with spacing between adjacent layers equal to 1 mm. The
distance between the lower film and the apertures of the radiating sections is equal
to 3 mm.

As we see in Figure 6.15(b), the central element of the array is excited through
a coaxial-to-waveguide transition, a transition from the rectangular waveguide to a
circular one, and a polarizer. After the polarizer, the TE{; mode of circular polariza-
tion comes to the input waveguide section with subsequent radiation through the
disk structures. The matching loads also shown in Figure 6.15(b) are inserted in the
input channels of all 18 peripheral elements.

The radiation patterns in the principal planes of the breadboard in the fre-
quency band 29.0 to 30.5 GHz have been measured in an anechoic chamber of
sufficient dimensions to provide the far zone condition for the breadboard aper-
ture. The results of measurements are shown in Figure 6.16 for frequency 30 GHz
corresponding to the central frequency f, mentioned in the theoretical model and
in Figure 6.17 for frequency 29 GHz corresponding to 0.967f,. The measured pat-
terns are compared to the calculated ones taken from Figures 6.11 and 6.12 and
calculated into decibels.

The comparisons show that there is good agreement between the calculated
and measured data regarding the width and shape of the sector beams. The differ-
ences observed in some other parts of the patterns are explained by the differences
between the theoretical model in the form of an infinite array and the experimental
breadboard of finite dimensions comprising only 19 elements. Moreover, the disk
structures in the breadboard are surrounded by a dielectric cylinder formed by the
dielectric rings supporting the films with the disks. This cylinder blocks the radia-
tion at 60° to 90° angles from the broadside, where the most considerable differ-
ences in the radiation patterns are observed. One more reason for the differences
is the resonance effects taking place in the infinite array at frequency 0.967f, (cor-
responding to the measurements at 29 GHz) and revealing themselves by the nar-
row dips in the calculated array element patterns (Figure 6.17). The array fragment
with a small number of elements does not reveal the indicated effects, as discussed
in the earlier works on phased arrays (e.g., [21, 29]). Comparison of the measured
and calculated array element patterns at 30.5 GHz gives a picture similar to that
presented in Figure 6.16, and, for this reason, the results are not presented here.

The X-band array breadboard is described in [11]. Its exciting part is similar to
the exciting part of the S-band array considered in Section 6.1. The array consists
of 19 crossed microstrip dipoles arranged on longitudinal dielectric boards. Each
dipole pair is arranged in a metallic cylinder. The central dipoles are fed through a
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Figure 6.16 Measured and calculated array element patterns in (a) horizontal and (b) vertical
planes at frequency 30 GHz.
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Figure 6.17 Measured and calculated array element patterns in (a) horizontal and (b) vertical
planes at frequency 29 GHz.
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hybrid device providing a circular polarization of radiation. The inputs of all the
other dipoles are connected to matching loads. The disk structures forming the
sector element patterns are performed in the same manner as in the K -band bread-
board (i.e., on thin dielectric films fixed on dielectric ring frames). The difference
consists of using 10 layers instead of 8 and using disks of nonidentical diameters.
Other details are indicated in [11]. This work also compares the measured element
patterns of the X-band array to the similar patterns of the K -band array at element
spacing 1.12A. The comparison shows that the results are very close to each other.
Moreover, the element patterns of the array with the disk structures turn out to be
very close to the element patterns of the array of the same element spacing with di-
electric rods. This fact indicates that the arrays with disk and rod elements possess
similar capabilities of shaping the sector element patterns.

6.4 Arrays of Yagi-Uda Antenna Elements

The corrugated rods excited by open-ended waveguides or dipoles, as well as the di-
electric rods protruding from waveguides, are convenient radiating array elements
for shaping sector radiation patterns in both principal planes. However, some array
applications require scanning in a wide angular sector in one plane and in a narrow
(limited) sector in another (orthogonal) plane (i.e., the appropriate element pattern
must be sector-shaped only in one plane). In such cases, radiating elements in the
form of Yagi-Uda dipole antennas are convenient. Their design allows arrangement
of them with small element spacing in the plane of wide-angle scanning. At the
same time, since they are capable of supporting traveling waves in the longitudinal
direction similarly to the dielectric or corrugated rods, the interaction between such
elements over free space in the limited scan plane can be used for shaping a sector
element pattern in this plane. Some examples of that, though with sector patterns
of not very high quality, are available in [30], where the Yagi elements are used for
comparison with the elements in the form of dielectric plates, which have been the
primary object of study there. A theoretical study of the director Yagi elements in
planar arrays designed for wide-angle scanning in both planes has been carried out
in [31]. A study of the possibilities of shaping the sector element patterns for pro-
viding effective beam scanning in a limited sector in one plane is carried out later.

6.4.1 Problem Formulation and Solution

The geometry of an infinite planar array chosen for study here is shown in Figure
6.18 together with a rectangular coordinate system Oxyz. The Yagi elements can
be arranged in the nodes of either a triangular lattice (as shown in Figure 6.18) or
a rectangular one, with element spacing d,. in the horizontal rows and with spac-
ing d,, between adjacent rows. The array element consists of M straight perfectly
conducting cylinders (wires) arranged symmetrically in a plane parallel to the Oyz
plane. Each wire is parallel to an infinite perfectly conducting screen and charac-
terized by diameter 24, length 2d,,, and height b,, above the screen, where m = 1,
2, ..., M. The first wire is considered to be a driven dipole, and all the others are
passive directors. The dipoles are assumed to be fed in the infinitely narrow gaps in
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Figure 6.18 Geometry of planar array of Yagi (director) antenna elements: (a) top view and
(b) side view in Oyz plane.

their centers via transmitting lines with wave resistance Wy The amplitudes of the
excitation are assumed to be identical, and the phases are linearly progressing in
the principal planes.

To calculate the array characteristics, we assume that the wire diameter 2a
is much smaller than the operating wavelength A, element spacings, and distance
between any two wires. This thin-wire approximation allows the surface currents
on the wires to be replaced by the y-directed currents I,,(y), m = 1, 2, ..., M, on
the wire axes. The boundary condition on the wire surfaces and the subsequent
standard procedure (e.g., [32]) aimed at determining the indicated currents give the
following system of integral equations of Hallen type [1]:
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where Yl £d,,,m=1,2,..., M; C,, and D,, are constants to be determined; V is the
voltage in the gap of the central dipole; 8;,,, is the Kronecker symbol;

- RURpg .
e cosk@y4 e
Rypq

Qo
1 QJO'K

1)
Gy, — mp
1(y,y9 ar |

1 & ¥ & Tl bl g Toatbuth

+——3g a ¢© (6.40)
2dxdy =y g=-¥8& Toq

- T8alm-bul {10
- Oy Re!eiyl;le
i hb

-¥g=-¥%

iBpq(y-y9

is the kernel; Y ,, = k(x,u + y,v) are the phases of the excitation of the dipoles,
corresponding to the direction cosines # = sinfcos@ and v = sinfsing characteriz-
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ing the main beam position; 6 and ¢ are angles measured from the z- and x-axes,
respectively,

Rpg =[5 +(y - y& v5)2 + (= hy)* +a*80pSpmul''*

€ 1-(-17U (6.41)
Xpq =?p+#9d’“ Vg = 9y
é a
and
Tpq =0 + Brg - k)2, Ty =(Tpy +2ik %!
A ) 6.42)
2mp 27€  1-(-1PU (
op =ku+=—""= Byg=kv+——g+— "
dy dy & 4 0

are the propagation constants for the Floquet modes. The parameters standing in
(6.41) and (6.42) correspond to the triangular lattice shown in Figure 6.18. If the
lattice is rectangular, the first one in (6.41) and the second one in (6.42) should be
replaced by x;, = pd, and B, = kv + 27q/d,,, respectively. Note also that the expres-
sion for the longitudinal propagation constants (1.20) is taken here in an alternative

form. However, if o + B3, = wp, < k%, the propagation constants should be calcu-
lated by formula G, =- i(k?- wéq)m. Then, after substitution of the latter in (6.40),
we obtain complete correspondence of (6.40) to the Green’s function expressed by
(1.19).

The kernel (6.40) has been obtained from (1.19) with the use of the generaliza-
tion [14, 33] of the approach proposed in [34] for accelerating the convergence
of the series representing the rectangular waveguide Green’s function. As a result,
the first (spatial) series in (6.40) converges exponentially. The second (spectral)
difference series in (6.40) at m 1 u converges exponentially as well. At m = u and
satisfaction of the key condition k€ - k& = k2 proposed in [34] for the components
of the auxiliary wavenumber k, = k¢+ ikd this series converges as 1.5(kﬂ7e01)2Fl;fI.
This approach to accelerating calculation of the Green’s function (1.19) for doubly
periodic structures has been called in [35] Kummer’s method of the second order.
Modifications of Kummer’s method of the fourth and sixth orders to provide con-
vergence of the spectral difference series in as I” 1-72 and I 1',;3 , respectively, have been
proposed and considered in [36, 37; also private communication with M. M. Ivan-
ishin, December 24, 2007]. The main results of that consideration are presented in
Appendix 6A. The choice of the optimum proportion between k¢and k®has been
discussed in [36, 37].

The voltage V in the dipole gap standing in the right-hand side of (6.39) is de-
termined by formula [38]

V =2V’ - WL(0) (6.43)

where V' is the voltage of the incident wave in the feeding line and I,(0) is the value
of the current in the gap. Breaking the wires of the radiating element into intervals
by collocation points at y,,,=(n- 1- N,,)d,,/N,,,n=1,2, ..., 2N, + 1, using the
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triangular basis functions for representing the currents, and satisfying (6.39) in the
indicated collocation points, we reduce the integral equation (6.39) to the system
of algebraic equations

M2l . VS,
Cinc03kYmn + Q A Gupvluy + Do sin Ry, = 777s1n/e V722! (6.44)
u=1v=2 0

where m = 1,2, ..., M;n=1,2, ..., 2N, + 1; I, are is the value of the current at
the vth collocation point on the uth wire;

_ in5lm5v,N1 +1

Gopnv = Fr sink 1y,

(6.45)

Yu, v+l
+ c\) (1' |y¢' y,uvl/D,U)Gm,u(ymmy(Ddy(

Yu,v-1

D, =d,/N,, and it is taken into account that the currents at the wire ends are equal
to zero, so that the number of unknowns turns to be exactly equal to the number
of equations.

After solving the system (6.44), the array reflection coefficient is determined as

- Wrli Ny +1(u,0)

R(u,v)=1 Vi

(6.46)

and the components of the array element pattern normalized to the maximum of
the ideal array element pattern (1.50) are calculated by formulas

Fy(0,¢) = E,(6,¢) cosO sing (6.47)
F,(6,9) = E,(6,0)cos@ (6.48)
where

1 (oW & D (Aésin(/eDml//Z)L:J2

F0,0)= — SR DmV/Z)
OO = i ad, & P& kpun 4
N | (6.49)
“ sin(kh,,, cos0) é Ly (1, v)e” It
n=2

6.4.2 Results of Calculation and Discussion

The algorithm described earlier has been realized in a FORTRAN code tested in
different ways, one of which has been compared against the results for the array
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parameters available in [31]. All the calculations have been accompanied by verifi-
cation of the power balance relation

W,
no,-)zf A (Tipgl* +1Topg ) Tyl =1 (6.50)

p,q

IRI?+

where the summation is performed only over the propagating Floquet modes for
which oc[% + ﬁgq = w[%q < k2. The amplitudes of the indicated modes are determined
by formulas

ioy By

Tipg =- @Fym’ Topg =- Tquq (6.51)
where
L. 2
Wpg\Axdy =1 & BpaDml2 g
N (6.52)
" Sh(Cpghm) & Lune” Prom
n=2

and the reflection coefficient standing in (6.50) is determined by (6.46).

A number of calculations have been performed with optimization of the array
element parameters to shape the sector element pattern in the E-plane (0yz plane)
and wide-angle element pattern in the H-plane. The results to be discussed later
correspond to the case when the directors have identical lengths different from the
length of the dipoles, and the wires in the element are arranged with identical spac-
ingDh=h,,,,- b, from each other. In these cases, the parameters under optimiza-
tion have been the number of directors M — 1, the director length, and the spacing
between the wires Db. Some results of such optimization are presented in Figures
6.19 through 6.22. For all these results, the following values hold: W;=75W, 2d; =
0.48A, h1=0.25A,2a4=0.0144, 2d,,=0.35A for 2 £m £ M, and d,,=0.6A, where 1
corresponds to some reference frequency f.

Figure 6.19 contains the element pattern components (6.47) and (6.48) in the
E- and H-planes of the array with d, = 0.81. The elements, each of which has four
directors (total number of wires is M = §) with spacing Db =0.124, are arranged in
a rectangular lattice. The similar element patterns for the array with d, = 2 and six
directors in the element (M = 7) where Dh =0.14A are shown in Figure 6.20. The
geometry of the elements that keep the proportions is shown in the insets of Figures
6.19(b) and 6.20(b). The solid curves with crosses presented for comparison cor-
respond to the element with no directors. The comparison shows that the quality of
the obtained sector element patterns in the E-plane in Figures 6.19(a) and 6.20(a) is
rather high, and the magnitude of the reflection coefficient (6.46) does not exceed
0.1 in the area of the flat top. However, such quality has not been achieved if the
E-plane spacing is greater than the wavelength. As for the H-plane, we see in Fig-
ures 6.19(b) and 6.20(b) that, as in [31], the patterns have narrow dips at the main
lobe angles slightly smaller than those corresponding to the arising grating lobes
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Figure 6.19 Element patterns in (a) E- and (b) H-planes of array with rectangular lattice for d, =
0.64, d,= 0.8, hy =0.254, Dh=0.124, 2a = 0.0144, 2d; = 0.481, and 2d,,=0.354, 2E m £M, M =
5, at frequencies fy, 0.95f;, and 1.05f,.

in real space. The indicated dips are associated with the resonances of the surface
waves excited in the director structure, forming a layer of artificial dielectric. It is
seen that the resonance effects are stronger in the arrays with longer (in the z direc-
tion) director elements.

The results presented in Figures 6.19(a) and 6.20(a) show that the sector ele-
ment pattern shape is kept well at least in a 10% frequency band, and the change
of the pattern width corresponds to the natural change of the element spacing in
wavelengths. The increase of frequency also leads to an increase of the electrical
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Figure 6.20 Element patterns in (a) E- and (b) H-planes of array with rectangular lattice for d, =
0.64, dy =4, hy =0.251, Dh = 0.144, 2a = 0.0144, 2d; =0.481, and 2d,,=0.354, 2E£EmEM, M =7,
at frequencies fy, 0.951,, and 1.05f,.

element length, and therefore to the stronger resonance effects in the H-plane, and
even to rising new dips in the element pattern. Moreover, as the H-plane electrical
element spacing increases, the resonance dips move toward the array broadside.
The array with the same elements and the same element and row spacings, but
with the triangular lattice as shown in Figure 6.18, has also been studied. As shown
in [14], the element pattern shape in the E-plane for the triangular lattice is prac-
tically identical to the shape of the element patterns presented in Figures 6.19(a)
and 6.20(a) for the rectangular lattice. So, the element pattern in the E-plane is
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practically independent of the lattice type with the indicated parameters. A special
test has shown that this conclusion remains valid for the corresponding arrays of
rectangular or circular waveguides [21] as well. Such a generality is explained by
the small element spacing in the H-plane. If the main beam scans in the E-plane, the
nearest grating lobe columns in the space of direction cosines are rather far from the
real space border, and hence the difference in the grating lobe arrangement in these
side columns for the different lattice types weakly affects the scanning performance
in the E-plane.

On the contrary, if the main beam scans in the H-plane, the nearest grating lobes
come closer to the real space border, and the difference in the arrangement of the
nearest grating lobes is manifested in the array characteristics to a greater degree. This
feature is illustrated by comparing the H-plane element patterns shown in Figures
6.19(b) and 6.20(b) with the similar element patterns of the array with the triangular
lattice presented in Figure 6.21 for d), = 0.84 and in Figure 6.22 for d;, = A. The near-
est grating lobes for the triangular lattice are arranged at a greater distance from the
main beam than takes place for the rectangular one, and hence the resonance effects
occur at greater angles of the main beam direction. This confirms the known advan-
tage of the triangular lattice for providing a better scan performance.

The results obtained here for a simplified array model show the director antenna
elements’ good potential for use in phased arrays designed for limited scanning in
the E-plane and wide-angle scanning in the H-plane. They allow us to consider the
arrays of Yagi’s elements promising further studies in this area. One of the direc-
tions of them can be taking into account various possibilities for the realization of
the Yagi’s elements (e.g., printing such elements on longitudinal protruding dielec-
tric boards, as has been considered in [39, p. 205], or in [40]). Another direction for
future studies can be removal of the resonance effects that occur when scanning in

IF,|

sin@

Figure 6.21 Element pattern in the H-plane of the array with triangular lattice for d, = 0.64, d, =
0.81, h; =0.254, Dh =0.124, 2a = 0.0144, 2d; = 0.484, and 2d,,=0.354, 2£E m£ M, M =5, at fre-
quencies fy, 0.95fy, and 1.05f,.
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Figure 6.22 Element pattern in the H-plane of an array with a triangular lattice for d, = 0.64, d, = 4,
h; =0.254, Dh=0.144, 2a=0.0144, 2d;, =0.481, and 2d,,=0.354, 2£ m£ M, M =7, at frequencies
fo, 095f0, and 105fo

the H-plane. A possible solution for this problem is the breaking of the periodicity
of the structure in the H-plane by means of arrangement of the array columns with
random spacing.

6.5 Arrays of Waveguides with Semitransparent Wire-Grid Walls

One more approach to the shaping of sector array element patterns has been de-
veloped in [15-18] using single-mode waveguides with semitransparent walls. The
latter are realized in the form of wire grids. The analysis of such arrays in [15-18],
based on the theory of coupled waves applied first in [41], has some analogy with
a phenomenological approach developed in [42] for analysis of arrays of traveling-
wave elements. The phenomenological approach based on the theory of coupled
waves applied to the waveguides of nonidentical width has been realized in a bread-
board [15], where the semitransparent walls of the coupled waveguide sections
are formed by rows of cylindrical conductors (wires). A technique for selection of
the semitransparent wall parameters, including the diameter of the cylinders, their
number, and the spacing between them, is described in [16]. The numerical simu-
lation of the array by the finite element method aimed at determining the ampli-
tudes of waves in the output waveguide sections without accounting for radiation
is carried out in [15, 16]. The amplitudes determined as a result are then used for
approximate calculation of the array element pattern according to the Kirchhoff
method. The measured array element patterns confirming some conclusions drawn
in [15, 16] have also been presented.

A full-wave two-dimensional mathematical model of a waveguide array con-
taining semitransparent wire-grid walls is described later.
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6.5.1 Statement and Solution of the Problem

The array geometry similar to that considered in [15, 16] is presented in Figure
6.23. The array is an infinite periodic structure of parallel-plate waveguides ar-
ranged with period (element spacing) b along the x-axis of a rectangular Cartesian
coordinates Oxyz. Each array cell contains two semi-infinite waveguides of width a,
and a, (a+a, £ b) with solid walls, as well as two waveguide sections of finite length
(in the longitudinal direction) with semitransparent walls arranged symmetrically
above the waveguides with solid walls. Each semitransparent wall is formed by
L cylinders (wires) of a circular cross section of radius r arranged with spacing D
along the z-axis. The axes of the first row of the cylinders are arranged at distance
h, above the waveguide apertures. The axes of the adjacent columns are arranged
at distances atand a2 = b — atfrom each other. The array geometry is assumed to
be uniform along the y-axis, and the waveguide walls, flanges, and cylinders are
assumed to be perfectly conducting.

The right-hand waveguides in each cell are considered passive and terminated
with matching loads, while the left-hand ones are excited in their dominant TE
modes with complex amplitudes exp(imU), where m = 0, 1, £2, ... is the cell ordi-
nal number, U = kbsin@ is the phase difference between the fields in adjacent cells,
k = 2m/A is the wavenumber, A is the wavelength in free space, and 0 is the angle
between the z-axis and direction of the main lobe in the space.

To determine the array characteristics at the conditions specified earlier, we
represent the total electric fields in the driven and passive waveguides of the central
cell in the form of superpositions of their TE eigenmodes

¥

Eiy(x,2) = 3 g’snleimz + Ry e 1) BSinM (6.53)
n=1 1
¥
Eay(x6z) = & Rone 72 sinM (6.54)
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Figure 6.23 Geometry of an array of waveguides coupled via semitransparent wire-grid walls.
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where

o =k - (nrlay)? = iy(nrlay)? - K2 (6.55)

are propagation constants of the modes in the driven (j = 1) and passive (j = 2)
waveguides, R, are amplitudes of the reflected modes in the indicated waveguides
to be determlned, d,,, is the Kronecker symbol, and x¢= x — b/2. The harmonic time
dependence omitted here is assumed to be taken in the form e /.

The total electric field in the free space above the waveguide apertures (z 2 0)
is represented in the form of superposition of Floquet modes similar to those used
for analysis of waveguide-dielectric arrays in [43] with application of the method

of auxiliary sources

L 2 S
Ey(x,2) = a Toge' "™ ' + & & & IysEijs(x,2) (6.56)
q=-¥ I=1j=1s=1

The first sum in (6.56) represents Floquet modes with propagation constants
(4.7) and unknown amplitudes T, going to the free space directly from the wave-
guide apertures. The second summand in (6.56) where

_ C}f eirqlz'zlsl _ eirq(z"'zls)
Ejs(x,2)= @ k r
q:-¥ q

iog(x- xjs)

(6.57)

corresponds to the field of Floquet modes excited by the cylinders. This field is
simulated by filamentary auxiliary electric currents of unknown amplitude I ar-
ranged inside the cylinders and passing through the points with coordinates

Xjs= (7 - 1.5)aGr rGin @, (6.58)
2s=h1 + (- 1)D- rtcos (6.59)

where @, = 27(s — 1)/S, S is the number of the sources allotted to one cylinder, and
rC< r is the radius of the circle on which the source points are located. Thus, the
total number of the auxiliary sources in one cell containing two columns of the
cylinders is equal to S© L~ 2. As we see from (6.57), the sources are assumed to be
arranged above a virtual perfectly conducting screen located in the plane z = 0.
The electric field (6.56) must be equal to electric fields (6.53) and (6.54) in
the apertures of the driven and passive waveguides, respectively, and zero on the
flanges. Projecting this functional equation on the functions complex-conjugated to
the transverse functions of the Floquet modes, we obtain the relation between the
amplitudes of the Floquet modes and the amplitudes of the waveguide modes

¥
(6111 + Rln Q]nq é RZnQan (660)

Tog = n
n=1

T Qo

a
b=



236 Arrays with Strip, Disk, and Wire Structures

where
a1/2
+ i
Otg=— 0O Smwe 0% (6.61)
a a1 /2 a ’
-iogh/2 ay/2 ‘
Oong = LA (‘) sininn'(xdﬁ /2) e 1%y (6.62)

7] [25)

-ar /2

The final expressions for coefficients (6.61) and (6.62) are similar to that in (5.13)
and we omit them here for brevity.

The transverse component of the magnetic field strength H, in the waveguides
and above their apertures is determined by formula (1.101). The transverse mag-
netic field in the driven waveguide must be equal to the transverse magnetic field
in the free space at z = 0. Projecting this equality on the transverse functions of the
eigenmodes in the driven waveguide and accounting for (6.60), we obtain the fol-
lowing subsystem of linear algebraic equations

2 Ee}’ln a9 * 0 o %2 o * 0
a g Omn a FququlnqiRln ta gza I—éleqQaniRZn
n q 7] n q 7]
(6.63)
o o * -7 -S+']" s o *
-2Q ljsk@ Ormge” ﬂ" Om1 - bla I501mq Q114
ljs q q

where 7 = 1, 2, ..., and the asterisk at coefficients Qy,,,, means complex conjugation.
The similar projective matching of the transverse magnetic fields in the aperture
of the passive waveguide gives one more algebraic subsystem

o a}ll o %/Zn o * 0
a %ya qQquQ]nq Rln + a 5 a FqQquQaniRZn
n q q [7]

- (6.64)
- Zé. Iljské Q;mqe- s ilaEls = . %é FqQquQllq: m = L 2:
ljs q q

The third algebraic subsystem is derived from the zero boundary condition
for the total electric field (6.56) in the collocation points on the surfaces of the

cylinders
o %1 o O o &2 o O
a ¢, A Qingllg(xfas2fdxRin + A ¢ A QangMy(xfe 2o+ Ran
gD p 5 L &b o

. (6.65)
+& IsEijs (X foor 2fae) = - jé O114M (X foo 2fa0)
q

ljs
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where 1, (x,2) = '@ 159,
xf=(j- 1.5)attrsin @ (6.66)
2f=h +(I- 1)D- rcose; (6.67)

are coordinated of the collocation points, I¢=1, 2, ..., L; j¢=1,2; and s¢=1, 2, ...,
S. Note that the subsystem (6.65) has been derived by accounting for (6.60).

The solution of the system of equations (6.63), (6.64), and (6.65) gives at once
the values of the reflected mode amplitudes in the waveguides and therefore deter-
mines the reflected field. The total radiated field above the cylinders is determined
from (6.56) by a sum of Floquet modes

¥ .
Ey(x,2)= § Ty 1e (6.68)
q=-¥

with the amplitudes

ksin(T, o
T, =Tog - Zié Ijjs ksin(lgz1s) e %a¥is
ljs q

(6.69)

which are calculated by accounting for formula (6.60) for T, and using values for
R, Ry, and I obtained as a result of solving the algebraic system. The amplitude
of the zero-order Floquet mode determines the array element pattern

F6) = /Zkb Ty (kbsin@)l cosd (6.70)
Y1im

which is of primary interest in the present study. The pattern (6.70) is normalized
so that F*(0) corresponds to the coefficient of transmission of the input power to
the main lobe of the array.

Finally, the amplitudes of the reflected and radiated modes must satisfy the
power balance relation

Ry P +72192 gy 2D

aIT,* Re(r,) =1 (6.71)
Y114 Nia

q

written in the assumption that the driven and passive waveguides are single-mode
ones.

Note that the algorithm developed earlier can also be used for calculation of
a modified (simplified) structure [44] shown in Figure 6.24. This structure differs
from the original structure [15, 16] shown in Figure 6.23 in the respect that the
passive waveguides are absent and the remaining driven waveguides go to a com-
mon flange. Since the aperture of the passive waveguide in which the fields have
been matched in the original array is now absent, the subsystem (6.64) should
be excluded from the consideration, and all the sums containing R,,, should be
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Figure 6.24 Geometry of a modified array of waveguides coupled via semitransparent wire-grid
walls.

excluded from the expression (6.60), subsystems (6.63) and (6.65), as well as rela-
tion (6.71).

6.5.2 Realization and Validation of the Algorithm

The algorithm described earlier has been realized in two FORTRAN-90 codes for
calculation of both the original structure (Figure 6.23) and the modified structure
(Figure 6.24). The infinite system of algebraic equations (6.63), (6.64), and (6.65)
has been truncated down to the order My + M, +2 " L~ S, where M; and M, are
numbers of the first waveguide modes kept in the driven and passive waveguides,
respectively. The infinite series representing the matrix elements standing at the
unknowns Ij;; in (6.63) and (6.64) as well as at the unknowns Ry, and R,,, in (6.65)
converge exponentially, while the terms in the series standing at Ry,, and R,,, in
(6.63) and (6.64) decay as gl so that the calculation of them does not meet any
difficulties. The matrix elements (6.57) in (6.65) at Izj¢¢2/® 0 converge slowly. Ac-
celeration of their convergence can be provided by several methods, particularly by
using Kummer’s method modification applied in [43]. As a result, the original series
like (6.57) is represented by a spectral series converging as G;f and a spatial series
of Hankel functions of zero order and complex argument converging exponentially.
So, the convergence rate becomes much higher. However, the necessity of calcula-
tion of special functions (the Hankel functions in this case) requires additional time
in comparison with calculation of elementary functions. For this reason, another
modification of Kummer’s method has been developed, described in Appendix 6B,
providing a sufficiently high rate of convergence after transformation of (6.57)
without involvement of any special functions. The truncated system of algebraic
equations (6.63) to (6.65) is solved by the Gauss elimination method with selection
of a leading matrix element in a column.

The correctness and accuracy of the solution of the problem has been validated
using the power balance relation (6.71) as well as the equations (6.65) in the points
arranged between the collocation points with coordinates (6.66) and (6.67). Fur-
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thermore, the results obtained using the algorithm developed earlier have been com-
pared to calculated and measured data available in [15]. To demonstrate the results
of the indicated tests, let us consider the structure studied in [15]. This structure,
using L = 14 cylinders in each semitransparent wall, is characterized by the follow-
ing dimensions: a; = a, = 0.613334, b = 1.333334, at= 0.68267A, r = 0.06667A,
hy=0.18667A, and D = 0.37333A, where A is the wavelength corresponding to
frequency of 8 GHz. The results have been obtained at M; = M, = 11, r¢= 0.0254,
and a few values for the number S of the auxiliary sources in each cylinder. The
FORTRAN code used for the calculations mainly uses real and complex variables
of ordinary precision (variables of double precision are used only in a subroutine
designed for solving algebraic systems). The plots for the residual AE of satisfaction
of equations (6.65) at 6 = 0 in the points situated on the surfaces of the cylinders
between the collocation points for S = 6, 10, and 20 are presented in the logarith-
mic scale in Figure 6.25. The residual of satisfaction of the power balance relation
(6.71) is 0.000057, 0.000017, and 0.000006, respectively. The results correspond-
ing to other values of 0 are similar. The element pattern (6.70) in decibels normal-
ized to its maximum corresponding to S = 6 is presented in Figure 6.26, where it is
compared to the corresponding calculated and measured patterns available in [15].
The patterns calculated with § = 10 and 20 coincide graphically with the pattern for
S = 6. The results obtained in the tests characterized sufficient effectiveness of the
developed mathematical model for its further use for numerical study of the array
characteristics at various values of the array parameters.

6.5.3 Results of Analysis and Optimization

The characteristics of the original array (Figure 6.23) obtained as a result of numer-
ical analysis and optimization of the array geometry for array period b = 1.24, 1.34,
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200 300 400
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Figure 6.25 Residual of satisfaction of the boundary condition on the surfaces of the cylinders for
different numbers of the auxiliary sources.



240

Arrays with Strip, Disk, and Wire Structures

-4

-16

-20

Calc., [15]
..... ©----- Meas., [15]

\
i
\

\
\

—*— Calc.

-60

—40

-20 0

20
Angle, degrees

Figure 6.26 Comparison of the element pattern calculated by the present method with calculated
and measured element patterns in [15].

and 1.4 are presented in Figures 6.27 to 6.29. The geometric array parameters for
b = 1.31 (Figure 6.28) are close to the parameters of the array considered in [15].
The sector element patterns for b = 1.24 (Figure 6.27) and b = 1.4 (Figure 6.29)
are formed using respectively smaller and greater numbers of the cylinders in the
semitransparent wall. The patterns obtained are compared to the normalized ideal
sector element patterns. As we see, the level of the obtained patterns in the region
of their flat top is considerably lower than the ideal pattern level. This difference
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Figure 6.27 Characteristics of the array with parameters b =1.24, a; =a,=0.554, a’=0.62A, r =
0.054, r'=0.024, h; =0.1614, D= 0.3224, M; =M, =11, L =12, and § = 10.
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Figure 6.28 Characteristics of the array with parameters b = 1.34, a; = a, =0.64, a’ = 0.6684, r =
0.0654, r'=0.0254, h; =0.1824, D=0.3641, M; =M, =11,L=14,and S=10.

is explained by the array mismatch. The magnitudes of the array reflection coef-
ficients in the driven IR ;| and passive IR,;| waveguides characterizing the indicated
mismatch are also shown in Figures 6.27 to 6.29. We see that the mismatch level of
the driven waveguides, especially for smaller values of the period b, is rather high.
The level of the dominant mode reflections in the passive waveguides is not so high
when scanning, and it vanishes at all at the antiphase excitation (when sin6=A/2b),
since the dominant modes in this case are not excited.
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Figure 6.29 Characteristics of the array with parameters b =1.44, a; =a, =0.651, a’=0.724A, r =
0.064, r’=0.0252, h; =0.1812, D=0.3624, M; =M, =11, L =17, and S = 10.
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Thus, the inputs of the original array [15] are not well matched. The matching
of the array at a specified frequency and specified angle of scanning can be provided
using matching discontinuities arranged in the driven waveguides at some distance
from their apertures. Assuming that the scattering matrix of the matching discon-
tinuity is unitary, and taking into account the interaction between the aperture and
discontinuity over the dominant mode only, we can obtain the reflection coefficient
in the driven waveguides in the form

R- Ryy(6)e> 7Y

R (0) = . —e
( ) 1_ RRll(e)eZZ’)/11h+ll//

(6.72)

where R and ware magnitude and phase of the coefficient of reflection from the dis-
continuity, respectively, and 5 is the distance from the discontinuity to the aperture
(the plane z = 0). If the indicated distance is selected according to the condition

2y11h +y11(60) + v = 27n (6.73)

where y;1(6)) is the phase of the complex reflection coefficient Ry;(6,) of the origi-
nal array for some scan angle 6, and 7 is a natural number, the expression (6.72)
takes the form

R - Ry1(0)e iy11(60)

= RRyy(6)e #11® e (6.74)

Rf:(6)

which shows that if the discontinuity is selected so that R = IR{{(6y)l, then the
driven waveguides will be ideally matched for the specified angle of scanning.

The arrangement of the matching discontinuities in the driven waveguides
changes the amplitudes of the modes coming to the apertures. It can be shown that
instead of the unit amplitudes of the incident modes in (6.53), the amplitudes of
the incident modes at the apertures after passing over the discontinuities will be
determined by formula

;o iN1- RZeV
AlL(0)= S (6.75)
1- RRy1(Q)e ¥

and the element pattern and reflection coefficient in the passive waveguides will be
determined by formulas F&6) = F(6) |A{;(0)l and Rg;(6) = R»;(6)A],(6), respectively.
The results of such matching for the array with geometric parameters indi-
cated in the captions for Figures 6.27 to 6.29 are presented in the same figures
by the curves marked by symbols “* ” for F¢ “+” for IR¢l, and “D” for IR¢;l.
The angles 6, at which the matching of the driven waveguides is provided has
been specified so that sinf, = 0.24, 0.22, and 0.18 for b = 1.24, 1.34, and 1.44,
respectively. As we observe, the discontinuities considerably improve the match-
ing of the driven waveguides and result in pulling up the flat-top level of the array
element patterns to the ideal level. The reflection coefficient level in the passive
waveguides changes weakly because the low original reflection coefficient is mul-
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Figure 6.30 Comparison of the characteristics provided by the original and modified arrays with
parameters b = 1.30254, a; = a, = 0.599154, a’ = 0.66688A, r = 0.065125A, r’ = 0.025A, hy =
0.182354, D=0.36474, M; =M, =11, L =14, and S =10.

tiplied by a value of about 1.02...1.04 in magnitude (i.e., not strongly different
from unity).

Finally, Figure 6.30 compares the characteristics of the original and modified
versions of the array with geometric parameters corresponding to the structure
considered in [15]. The geometric parameters in wavelengths indicated in the figure
caption correspond to frequency 7.815 GHz, mentioned in [15]. As we observe,
the reflection coefficients in the active waveguides almost do not differ from each
other. The sector element patterns as a whole are also close to each other. Small
differences are observed mainly in the sidelobe region. These results show that the
sector element patterns in the arrays of waveguides with semitransparent walls can
be successfully obtained without using the passive waveguides with solid walls. This
simplifies the structure to some extent. The matching of the modified array to free
space can be carried out similarly to the original version.
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Appendix 6A Calculation of the Green’s Function for Doubly Periodic

Structures by the Method of M. M. Ivanishin

Consider a doubly periodic structure arranged in free space and determined by a
planar lattice parallel to the plane z = 0 of a rectangular Cartesian coordinate sys-
tem Oxyz. Let the lattice nodes be arranged in horizontal rows parallel to the x-axis
with spacing d, and let the adjacent rows arranged with spacing d, along the y-axis
be shifted at distance D with respect to each other in the direction of the x-axis.
So, the lattice is skew in a general case. In particular cases, D = 0 corresponds to a
rectangular lattice, while D = d,/2 corresponds to a triangular lattice. Further, we
suppose that the time dependence omitted later is chosen in the form e and the
coordinate system origin coincides with one of the point sources. Then the Green’s
function of such a structure phased in the direction characterized by angles 6 and ¢
measured from the axes z and x, respectively, can be represented by a spatial series

1 & 4
Gr)=-—a a

T m=-¥ n=-¥

e Wmn (6A.1)

where 7 = {x, y, 2}, R,y,, = [(x = %,,,,,)* + (y = ¥,,)* + 2°]"%, x,,,, = md, + nDand y,, = nd,,
are the coordinates of the nodes where the point sources are arranged, k = 27/1 is
the wavenumber, y,,,, = k(x,,,u + y,v) are phases, and # = sinf cosg and v = sinfsing
are direction cosines. Note that at D=0 and with appropriate choice of the phases,
representation (6A.1) can be used as the Green’s function for rectangular waveguide
as considered in [34].

The series (6A.1) converges very slowly, and therefore it is not used in practical
computations. To obtain another representation, we first perform a transformation
consisting of adding and subtracting some auxiliary function under the sum sign
in (6A.1). The auxiliary function is proposed to be taken in the form of a sum of
standing spherical waves with attenuation; that is,

coskR,.,

S

/ - o
fmn = elen ORymn a das
Rmn

s=1

(6A.2)

where the choice of attenuation constant ¢, amplitudes a,, and phase constants k,
for different S will be described later. Further, we apply the well-known Poisson
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summation formula [45] to the difference series formed as a result of the transfor-
mation, and reduce (6A.1) to

1 & & 1 3 4
Gr=—a a fm a a by (6A.3)
AT n=-x 2d.dy p=-¥ g=-¥
where
€ - I'pglzl S ¥ - Lpglzl§iu )
Fpg =& - aRel e 5 sy (6A.4)
& Toe =1 1 Twa b

o, = k(u + pAld,) and B,, = kv + (q - pD/d,)Ald] are transverse propa-
gatlon constants of the Floquet modes, while qu (xp +qu k)2 and

Typq = [ocl7 + ﬁpq (ks +i0t)*]"'? are main and auxiliary longitudinal propagation
constants.

The first (spatial) series of the auxiliary functions (6A.2) in representation
(6A.3) converges exponentially, so that summation of this series is not a problem.
Representation of the terms of the second series in (6A.3) as a difference constitutes
the main point of the application of Kummer’s method for accelerating the conver-
gence of the spectral representation for the doubly periodic Green’s function. The
spectral difference series in (6A.3) at 21 0 also converges exponentially. If z = 0
the convergence is algebraic and its rate is determined by the degree of smoothing
the singularity corresponding to Ry, ® 0 when subtracting (6A.2) from the terms
of series (6A.1). Note that the imaginary part of exp(ikR()/R, corresponding to
the central source is a smooth infinitely differentiable function. That function and
similar functions corresponding to all the other sources of the structure give a fi-
nite number of propagating Floquet modes formed after application of the Poisson
formula to series (6A.1), while the infinite number of evanescent Floquet modes in
the spectral representation correspond to the superposition of the real parts of the
Green’s function (6A.1) including function cos(kR,)/R for the central source.
Using the Taylor expansion for cosine, we can write

Zn 1
coskRoy _ & 2 RO
= iy (6A.S)
Roo 20( 4 (2n).

Removal of the singularity and smoothing of function (6A.5) can be provided
by compensation of a few first terms of that series by similar terms in the expansion
of function f(, determined from (6A.2). Expanding f,, over the powers of R, and
equating the first 25 coefficients of that expansion at odd powers of R, to the cor-
responding coefficients in (6A.5), we obtain the system of algebraic equations

S
& asRef(ks +ict)*"} = k" (6A.6)
s=1

for amplitudes a, and phase constants k, with attenuation constant a as a parameter
andn=1,2,...,25-1.
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Consider now some special cases of the general approach described earlier.
At § = 1, the system (6A.6) consists of two equations. Its solution is a; = 1 and

ki =\k* + . That solution corresponds to the technique proposed in [34] for
rectangular waveguide. In this case, I'sp; = (ng - 2iky@)'’?, and coefficients (6A.4)
for large I',, and z = 0 behave as

2 2\ .2
B(k +o’)o eia,,x+iﬂ[,qy

6A.7
2T, ( )

Fyg ~

The asymptotic (6A.7) corresponds to compensation of the first two terms of
series (6A.5), and so the case S = 1 is naturally referred to as the second order
Kummer’s method, as has been suggested in [35].

The use of two waves in the auxiliary function (6A.2) (i.e., when S = 2) al-
lows compensating the four first terms of the series (6A.5). This corresponds to
Kummer’s method of the fourth order. The system (6A.6) in this case contains four

equations
amta =1 (6A.8)
g
a (ki - o*)a; = k? (6A.9)
s=1
¢
a (kd - 6kZa® + otya, = k* (6A.10)
s=1
$ 6 4 2 2 4 6 6
a (kg - 15kia” +15ksa™ - a’)as =k (6A.11)
s=1

Equations (6A.9) to (6A.11) can be rewritten in a more convenient form

kiay +k3ar = k* + o (6A.12)
kiay +kiay = k* +6k*0* + 50t (6A.13)
Roay + kSay = k® +15k*o* + 75k*a* +610° (6A.14)

where (6A.12) has been obtained by using (6A.8), while (6A.13) has been derived
by using (6A.8) and (6A.12). Equations (6A.8), (6A.12), and (6A.13) have been
used for derivation of (6A.14).

Using (6A.8) and (6A.12), we obtain

k3 - k- o azzkzﬂxz-kf
ky- ki ky - ki

a = (6A.15)
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Substituting (6A.15) in (6A.13) and (6A.14) and solving the latter [36, 37], we

find
ki = \//e2 +70% - 2aVk* +100? (6A.16)
ky = \/kz +70% + 200 k* +100° (6A.17)

Substituting (6A.15) to (6A.17) in (6A.4) and noting that

Fupg = [Ty + K - (ks +i0)?

we can show that the first term in the asymptotic of (6A.4) for large I, and z = 0
is determined by formula

2 2\(1,2 2y .4
33Uk + 0 )K"+ 50700 vy (6A.18)
2r,

Fyq ~

As shown in [36, 37], the convergence rate of the spectral series characterized
by (6A.18) is already sufficient for the fourth-order Kummer’s method to compete
successfully with Ewald’s method [46], which has been believed to be the most
efficient. However, if an even higher rate is required, it can be achieved using the
sixth-order Kummer’s method corresponding to S = 3. Omitting the intermediate
operations including solution of a cubic equation in the process of solving system
(6A.6) containing six equations, we give final formulas obtained for the phase con-
stants of the auxiliary waves

ki = \/kl +2302 - 200/5k* +12602 (6A.19)
ky =k* + 90 (6A.20)
k3:JH+2af+za¢%2+uMa2 (6A.21)

and their amplitudes

& 2 )6
a = % b2 + 730 +M+ (6A.22)
25k2 +7702) & Jsk2 +12602 ¢
4k* +o?)
a =——> 6A.23
2T S5k 47702 ( )
P2 2] 2 2,4
et 47362 9013k” +9lor )" (6A.24)

T 5k +77a%) & J5k2 +12602 2

The spectral difference series in this case converges as I" 1};3 .
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Appendix 6B Accelerating the Convergence of Series (6.57)

The series (6.57) represents the field of phased filaments of electric current and of
their images with respect to the plane z = 0. Since 2,z > 0, the part of the se-
ries corresponding to the contribution of the images converges exponentially, and
therefore it is not necessary to apply any additional means for improvement of its
convergence. The part of the series corresponding to the field of the sources them-
selves can be written in the form

kexp(iocg&+ilpE)
I'o

S= +8T+ S (6B.1)

where &=x;¢¢- Xjs» § = 121¢¢~ 24l and

kexp(iosg &+ ilsgl)
T,

+

(6B.2)

¥
o
=a
g=1

To accelerate the slow convergence of (6B.2) when { ® 0, we again apply
Kummer’s method. Taking into account that

iTea b ®] 6
ke = +§QC:Fsm9_ b u :qu{ +0 %_;
Fiq qﬂ, e 2 2. u 8(] /)
for g>>1, as well as that
1 _ 1 &1 0 1 1 &1 6
5= y*O 3%
q° 4qq+ 8qg q q+1 &4° 0
for g>>1, we represent the series (6B.2) in the form
il'sqf
S :_S +a ,a+q§Tk€7q
g=1 T I'sq
5d€§ 6 b U g,
+ §,5 smea(q 1) ;tHe (6B.3)
where
- ¥ 5t £ 5
st = b igztnsin g BT V7 O g siqy (6B.4)
A —&d qtlg

is the series of asymptotic terms with p = exp(- 2a{/b), w=27&/b, and
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Using the tabulated sums 1.448.1 and 1.448.2 in [47], we can express the sums
in (6B.4) as follows

¥ pd,iav i
o1 = é pre . ln\/l— 2pcosy + p? +iarcth (6B.5)
1 1- cosy
q
¥ payiqy ¥ pq-1,iq- Ny
A e
g=1 4% g=2 q
iy ¥ q,iqy .0 iy
- [ | (6B.6)
p \qzl q ﬁ

Formulas (6B.5) and (6B.6) allow us to rewrite the expressions (6B.4) in the
closed form

b ic- sin
S JI” RS (1761 - v 63) (6B.7)
g = b igsksing - ot e o
2 —Ie (v 01 - v 07) (6B.8)

Thus, the slowly converging series (6B.2) at {® 0 is transformed into the sums
(6B.3) containing the closed-form expressions (6B.7) and (6B.8), as well as suffi-
ciently fast converging series with terms decaying like g as ¢ ® ¥. Some modifi-
cations of Kummer’s method providing even more fast convergences of series like
(6B.2) are considered in [48].
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186, 206, 212
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matching, 162, 205, 207, 210
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Transmission coefficient, 59, 83, 84, 97,
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Vector potentials, 6, 33, 34, 125
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Vector wave functions
of Floquet modes, 8, 211
properties, 181
of circular waveguide, 178

Visible space, xiii, 4, 5, 9, 14, 15, 18, 20, 23,
26,28-31,37, 53, 54, 66, 71, 144, 200

Vivaldi antenna, 52

VSWR, 70, 111, 197, 215

\\
Wave resistance, 8, 92, 167, 178,226
Waveguide(s),
circular, 144, 147,176, 178, 209
eigenmodes of, 178
propagation constants of, 178
coupled, 234, 238
dual-mode, xvi, 91, 98, 101, 106, 205
meander, 72
open-ended, 143, 225
parallel-plate, 91, 122, 124, 134, 148,
151, 200
propagation constants of, 92, 97, 116
short-circuited, xvii, 122, 124
passive, xvii, 121, 122, 134, 234, 235,
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stepped, 96, 151
rectangular, 67, 72, 109, 121, 122, 222,
246
single-mode, 95, 100, 102, 162
slot-coupled,
with semitransparent walls, 203
Waves
cylindrical, 33
edge, 78
plane, 7, 33, 83, 197
slow, 200, 201, 205
spherical, 7
standing, 246
surface, 217,230
traveling, xvii, 143, 225
Wire-grid walls, 233, 234, 238

X
X-band, xv, 143, 144, 221, 222, 225

Y
Yagi-Uda antennas, xvii, 195, 225
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