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Annotation

[Text] Methods of calculating the characteristics of phased antenna arrays (PAA)
and active phased antenna arrays (APAA) as well as their components are presented.
Arrays with various geometries, types of radiators and control techniques are
treated as well as antennas with frequency scanning, switching, mult:islot, planar,
and cylindrical antennas, etc.

The book is intended for students in the radio engineering specialties of the
higher educational institutions in the performance of the diploma and course re-

" quired design, as well as for engineers engaged in the design of phased antenna
arrays and active phased antenna arrays.
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| ' ~ Foreword

Material on the planning and design of phased antenna arrays (PAA), active antenna
arrays (APAA) and their components is collected and systematized in this book.
Engineering methods are given for electrically scanned antenna design to meet
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specific technical requirements, as well as the requisite information for design
work based on the parameters of existing equipment and a description of existing
designs. Special attention is devoted to flight systems.

The book "Microwave antennas and equipment. The planning and design of antenna
arrays and their radiating elements" which came out in 1972 under the editorship
of D.I. Voskresenskiy, to a known extent generalized the most widespread design
techniques. This book contains materials which are an extension of the indicated
work; the design methods presented in it supplement and refine the methods
treated earlier, taking into account the latest achievements in design automation
using computers. The range of problems considered has been significantly expand-
ed: questions of the design of new types of arrays are set forth, as well as
active and passive elements.

Considerable attention has been devotad to the construction of active stripline
modules with semiconductor .devices. Bringing the materials on the indicated
topics together in one book, based on the general requirements placed on array
elements, as well as the utilization of uniform criteria for a comparative
evaluation of these and other elements have significantly simplified the pro-
blem of the goal directed design of an array, in particular, the selection of
an acceptable variant for the overall array configuration, as well as the type
of active and control elements.

The book consists of four sections. General questions of phased array design are
treated in the first. Here, questions of antenna design with phase, switching
and frequency scanning techniques are presented. Procedures are given for the
design of planar and cylindrical arrays, phased arrays with a hemispherical
scanning space as well as slotted waveguide arrays. :

Procedures are given in the second section for the engineering design of phased
array radiating elements, taking their interaction into account. Dipole, strip-
1 line, slotted, director, waveguide and other phased array reaiators are treated.

The third section is devoted to the design of active phased crrays and their
modules. Specific features of the construction and calculation of the character-
istics of active phased arrays are presented; structural configurations are given
for active reflective and transmission type phased array modules as well as
methods of signal phasing in the modules. Modules of various types are compared
and possibilities of using various active elements are indicated. Procedures

are given for designing the modules of transmitting active phased arrays around
various semiconductor elements: oscillator stages using microwave transistors
and IMPATT diodes, varactor multipliers, and hybrid IC microwave circuits.

Questions of the design of passive elements of phased arrays are treated in the
fourth section. Design procedures are given for directional couplers and coupled
line filters as well as multichannel stripline dividers, microwave phase shifters
and filters.

Widely known material existing in monographs and the periodical press is collected
and systematized in the book, and the published literature of the Problems
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Laboratory for Microwave Engineering of Moscow Aviation Institute are also used.
Topics from general microwave antenna and equipment theory are not treated; it
is assumed that the reader is already familiar with the general course given in
the radio engineering departments of the higher educational institutes.

It must be underscored that the design procedures incorporated in the book differ
substantially in terms of design precision and complexity. Along with simplified
calculations, which make no pretense of exhaustive completeness, some of the
latest techniques of computer assisted design are included in the book. Simpli-
fied design methods are presented initially, which make it possible to design
phased antenna arrays or elements which meet the major technical requirements,

in the amount necessary for the course required or diploma design work, as well
as in the preliminary developmental work on antenna system designs. Further,
where it has proved possible, the authors provide more precise computational
methods which make it possible to optimize the device being designed with respect
to a particular criterion by means of the programs which have been developed.

A bibliography of the major literature is given at the end of the book, as well
as bibliographies for the chapters, which are recommended in the planning and
design of the given equipment,

The book is intended for students in the radio engineering specialties when doing
their diploma or course required design work, but can also be useful to engineers
engaged in the design of antenna arrays.

The book was written by a collective of authors: D.I. Voskresenskiy (the Fore-
word and Chapter 1); V.S. Fillipov (Chapter 2); R.A. Granovskaya (Chapter 3 and
17); L.I. Poncmarev (Chapter 4); V.L. Gostyukhin (Chapters 5 and 21); S.D.
Kremenetskiy (Chapter 6); V.Ye. Yamaykin (Chapter 7); V.I. Samoylenko (Chapter
8); V.V. Chebyshev (Chapter 9); M.V, Indenbom (Chapter 10); K.I. Grineva (Chap~
ter 11); A.M. Razdolin (Chapter 12); A.Yu., Grinev and Yu.V. Kotov (Chapter 13);
V.V. Popov and S.M. Mikheyev (Chapter 14); G.P. Zemtsov (Chapter 15); G.I.
Koptev and T.A. Panina (Chapter 16); V.N. Shkalikov (Chapter 18); N.S. Davydova
(Chapter 19); S.B. Petrov (Chapter 20); B.Ya. Myakishev (Chapter 22); A.Yu.
Grinev (Chapter 23); I.I. Gurova, B.Ya. Myakishev and P.A. Solovtsov (Chapter 24).
The overall editing of the book was done by D.I. Voskresenskiy.
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ANTENMA ARRAYS SECTTION I

1. Microwave Antenna Design
1.1. Introduction

The antenna and feedline, which provide for the radiation and reception of radio
waves, is an integral part of any radio engineering system. A number of technical
requirements are placed on the antenna, which follow from the function of the
radio system in which it is used, The conditions for the placement and operation
of the antenna influence its characteristics. The feasibility of attaining the
requisite directional properties, frequency, power and other characteristics of
an antenna depend, in many respects on the working frequency band. The last two
decades have been marked by the wide scale introduction of radio equipment into
the economy and the use of microwave gear. Antennas in the microwave band pro-
duce pencil beam radiation with a beam width measured in units and fractions of
degrees and have a gain reaching tens and hundreds of thousands. This makes it
possible to use the antenna not just for radio wave transmission and reception,
but also for direction finding (in radar, navigation and radio astronomy), com-
bating interference, providing for concealed operation of a radio system and for
other purpos:s.

Besides radars, microwave hardware is used in such sectors of electronics as
television, radio control, radio navigation, radio communications, telemetry, and
accelerators. The successful development of radio astronomy and the mastery of
space is related in many respect to the achievements of microwave engineering.

Pencil-beam scanning microwave antennas have become widespread at the present
time. The scanning makes it possible to scan the surrounding space, track moving
nbjects and determine their angular coordinates. The replacement of poorly
directional or omnidirectional antennas (for example, coupled antennas) with
pencil-beam scanning antennas makes it possible to obtain not only a power gain
in the system because of the increase in the antenna gain, but also, in a number
of cases, toattenuate crosstalk between different radio engineering systems
operating at the same time, i.e., provide for electromagnetic compatibility of
these systems. In this case, the noise immunity, security and other character-
istics of the system can also be improved. With mechanical scanning, which is
accomplished by means of rotating the entire antenna, the maximum rate of beam
travel in space is limited, and with the présently existing aircraft speeds,
proves to be insufficient. For this reason, it became necessary to develop new
types of antennas.

The application of phased antenna arrays (PAA's) to produce scanning pencil-beam
antennas makes it possible to realize a high space scanning rate and promotes an
improvement in the data obtained on the electromagnetic reflection or radiation
sources in the surrounding space. Modern microwave devices with vacuum tube or
semiconductor devices and electrically controllable media have made it possible
to not only create a controlled phase distribution in an antenna array (i.e.,
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effect electrical scanning), but to accomplish the initial processing of the in-
coming information (summing of the fields, frequency conversion, amplification,
etc.) directly in the radio frequency channel of the antenna.

A further improvement in the characteristics of radio systems with phased arrays
is possible (resolution, speed, carrying capacity, detection range, interference
immunity, etc.) by refining the techniques of processing the signal transmitted
and received by the antenna (space-time processing in the general case). The
antenna in this case is the primary processing unit and to a significant extent
governs the major characteristics of the system as a whole. Usually, far from
all of the information contained in the wave impinging on a pencil-beam receiving
antenna is used, where the fields in the antenna from the individual radiators
are added together in a single radio frequency channel. The most complete infor-
mation can be obtained by processing each received signal in the antenna array
separately, i.e., by processing a series of samples from the spatial distribution
of the incident wave. Antennas with different processing techniques are employed,
depending on the function of the system and the requirements placed on its
characteristics. One of the antenna variants with signal processing is the
adaptive array, which in a radio signal processing system can be treated as a
dynamic self-tuning space~time filter, in which the directional pattern, fre-
quency properties and other parameters are changed automatically. Other signal
processing antennas are also known: self-tuning, artificial aperture, with time
modulation of the parameters, digital processing, analog space-time processing
using coherent optics methods, etc. ‘

Thus, the antennas being used in practice are very complex systems, having up to
tens of thousands and more radiators, active elements and phase shifters, which
are controlled by a special computer. The design of such aiitennas is extremely
complex and basically determines the size and cost of the entire radio system.

- The characteristics of antennas presently predetermine the major parameters of
an entire radio system, for example, in radars, the resolution and precision in
the determination of angular coordinates, the rate of beam travel in space and
the interference immunity.

The rapid development of microelectronics and its achievements have also found
their own place in antenna engineering. Integrated circuit stripline assemblies,
stripline and microstrip transmission lines and various microwave devices de-
signed around them (phase shifters, switchers, rectifiers, amplifiers, etc.) have
come into widespread use in recent years. However, the potential possibilities
for reducing.the weight and volume of microelectronic radio equipment can be
realized with the appropriate design of the antennas, dispensing with traditional
types of them and making a transition to antenna arrays. The fact is that the
reflector antenna with a fairing, the drive mechanism, waveguide channel and
microwave devices of the aircraft radars in operation has considerable size and
weight as compared to the other parts of the radar station. A radar in a micro-
electronic design using semiconductor microwave devices makes it possible to
achieve the greatest reduction in size and weight. :
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The increasing complexity of antennas during their development and their increas-
ing role in radio systems have led to the expansion of the group of radio spec-
ialists working directly in the field of antennas and feedlines. Not only the
specialists in these fields must be involved with the calculation of the major
characteristics of antennas and microwave devices, but also the designers of the
entire radio system and its individual components, which are coupled to the
antenna. Their combined efforts during the preliminary design stage make it pos-
sible to estimate the ultimately attainable characteristics of the entire radio
system, taking into account the feasibility of making the individual components.

The appearance of new types of antennas has led to a substantial expansion and
deepening of antenna theory as well as the development of new design techniques.
Considerable attention has been devoted to these questions in the literature:

a number of monographs have been published [01-013] and a considerable number

of papers have published in journals. However, the use of these materials by
radio engineers as well as students doing their diploma and course design work
also encounters considerable difficulties. Engineering methods of designing
prospective phased and active phased antemna arrays, as well as their elements,
are presented in this textbook. Considerable attention is devoted to the design
of aircraft and mobile antenna systems. The engineering design techniques are
supplemented with descriptions of designs of existing antennas and the requisite
reference material on the parameters of various microwave devices is given for
devices which can be used as the components of phased and active phased antenna
arrays.

The cited design techniques are sufficiently simple, based on approximate micro-
wave antenna theory and suitable in the majority of cases for engineering prac-
tice. These techniques make it possible in the initial design stages to approxi-
mately determine the major parameters and characteristics of the antennas, where
these parameters and characteristics can subsequently be made more precise where
- necessary by means of various more rigorous design methods. Also included in
the book are design techniques developed on the basis of mathematical models of
antenna arrays and their components, close to the actual onas. The characteris-
tics of director, waveguide, slotted resonator and slotted waveguide radiators
of a periodic array are studied and optimized by rigorous electrodynamic methods.
The calculated curves and the programs developed in the all-purpose algorithmic
languages of Algol-60 a2nd Fortran-IV for the BESM-6 and M-4030 computers are pre-
sented. By basing the work on the general procedure for phased antenna array
design and using the materials of this book, one can design the radiating aperture
of a phased array in a rather well reasoned fashion.

The material presented here is intended for a reader already familiar with the
general course on antennas and microwave devices, which is studied in the radio
engineering departments of the higher educational institutes.

1.2. The Main Requirements Placed on Microwave Antenna Systems and the
Possibilities of Using Antenna Arrays

The major requirements placed on an antenna are governed by the volume of infor-
mation to be processed (or extracted) and are linked to the range, resolution,
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precision in the determination of coordinates, speed, reliability, interference
immunity and other characteristics of the radio engineering system. Establishing
the interrelationship between the characteristics of various radio engineering
systems and the characteristics of the antenna and feedline is accomplished in
the relevant courses on radar, radio control, etc, Without going into the
details of the operation of these systems and establishing the interrelationship
cited above, one can state that in the final analysis, antennas and feedlines
should assure the appropriate: directionality, power, frequency and direction
finding characteristics, control characteristics and other general engineering,
operational and economic characteristics.

The requirements for antenna directionality predetermine the shape and width of
the spatial directional pattern (in the two main planes), the.permissible level
of sidelobes, the direction gain (KND) and the polarization characteristics of
the antenna. Antennas in the microwave band have needle-shaped, cosecant, fan-
shaped, funnel-shaped and other directional pattern shapes. The polarization
characteristic determines the following: the polarization of the transmitted
and received waves, the permissible coefficient of uniformity of the polariza-
tion ellipse when using rotationally polarized waves and the permissible level
of cross-polarization in the case of linear polarization of the radiated field.
When designing an antenna, the shape of the directional pattern, its width, the
sidelobe level, the directional gain and the polarization can be specified. It
must be noted that a relationship exists [01] between these characteristics
which determine the directionality, and during the design work, frequently only
some of them are specified. Thus, in the electrical design, the starting data
can be the width of the directional pattern (beam width) or the directional gain.
It can be stipulated in this case that it is desirable to keep the sidelobe and
cross-polarized radiation levels to a minimum with the given relative antenna
dimensions.

The power characteristics of transmitting and receiving antennas make it possible
to determine: the signal power at the input to the receiver; the maximum permis-
sible transmission power at which the electrical strength and permissible ther-
mal mode are assured; the power needed to control the beam position in space;
the microwave power losses in the antenna and feedline channel as well as the
noise power in the receiving antenna. These powers are characterized by the
following parameters, as is well known [0.1, 0.2, 0.3, 0.6, 0.7]: the antenna
gain, the antenna efficiency and efficiency of the microwave devices which are
used, the noise temperature, the input impedence (the matching in the feed chan-
nel), the antenna Q [02] and the permissible electrical field intemsity. In
contrast to mechanically scanned antennas, in which the detetmination of the
power used to control the beam position in space is related to the electrical
drive design, in electrically scanned antennas, this power is governed by the
- losses in the controllable microwave devices, and for this reason can have an
_impact on the thermal mode of the antenna. When designing microwave scanning
antennas, only individual values are specified at times which characterize the
power indicators of the antenna. Thus, for example, the power (pulsed and
average) of a radio transmitter or the sensitivity of a radio receiver are speci-
fied.
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One of the tasks of design is to optimize the power characteristics of the
antenna being developed, taking into account the existing possibilities and
specific set requirements. Optimization reduces to bringing the feasibly attain-
able characteristics close to the ultimately attainable theoretical characteris-
tics, found for the specified optimality criteria. For example, such criteria
can be the maximum gain or minimum noise temperature for the specified relative

dimensions and losses in the microwave components being used.

The frequency properties of antennas are characterized by the greatest change in
the frequency of the transmitted (received) signal for which the major parameters
of the antenna do not go beyond the permissible limits, Depending on the require-~
ments placed on the radio system in which the antenna being designed will be used,
the frequency properties are determined with respect to the change in the direc-
tionality or the power characteristics. When calculating the frequency proper-—
ties of the antennas treated in this book, it is expedient to draw a distinction
between the requirements placed on the working bandwidth of the antenna and the
bandwidth of the transmitted signals, The requisite passband is determined by
the condition of the simultaneous transmission or reception by the antenna of

a signal with a specified frequency spectrum. The range of frequencies is deter-
mined by the condition of antenna operation sequentially in time at different
frequencies in the working band, i.e., permits a synchronous change in certain
antenna parameters with a change in the working frequency of the radio system.

For example, in an electrically scanned antenna array, the phase distribution
along the array is varied so as to preserve the direction of the beam in space
when the working rfrequency of the transmitter changes.

In antennas and feedlines, a number of requirements are placed on the spatial
scanning characteristics (such as thke scanning sector and time, etc.) as well as
requirements governing the change in the directional properties during the process
of operating and switching the antenna from transmit to receive. These require-
ments also determine the requisite control characteristics for the antenna and
feedline. The starting data with the choice of electromechanical or electrical
scanning for the performance of the design calculations for the selected type

of antenna are the spatial scanning sector of the beam, the scanning period (pace)
or time needed to set the beam to a specified point in space, method of spatial
scanning, precision of setting the beam to a specified point in space, etc. The
antenna switching time from transmit to receive is also to be included among the
control characteristics, as well as the requirements which arise in a number of
cases concerning the change during the operational process in the polarization of
the transmitted field or the shape of the directional pattern. In mechanically
scanned antennas, the beam control characteristics are not related to the elec-
trical design of the antenna and are determined during the design of the rotation
mechanisms.

The angular coordinates of objects and the precision in the measurement of these
coordinates are determined by means of the direction finding characteristics
used in radar, radio direction finding, radio astronomy, etc. The requirements
placed on direction finding characteristics depend substantially on the direction
finding technique employed (monopulse, radio signal, amplitude, phase DF'ing,
etc.).
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Antenna using a monopulse direction finding method (monopulse antennas) have
become widespread in radar of late, the direction finding characteristics of
which are the slope and linearity of the characteristic, the depth of the "null"
in the difference pattern and the precision of its setting in a specified direc-
tion. The requirements placed on these characteristics, with the exception of
the latter, reduce to the creation of a special shape and symmetry in the direc-
tional patterns, as well as to obtaining the maximum reception antenna gain. The
requisite precision in setting the "null" of the difference pattern in a specified
direction, within the bounds of a scanning sector, is governed by the scanning
technique and the characteristics of the devices which control the antenna beam
position. The realization of the requisite direction finding characteristics is
a most important and difficult task for many antennas.

_ Overall engineering, operational and economic requirements are placed om an
antenna, just as on any radio engineering unit, such as: minimal size, wéight
and cost, high reliability, adaptibility to specified conditions, as well as
control and repair convenience. Setting these requirements on an antenna being
developed is no less important than setting the electrical requirements, and
meeting them is achieved not only through the appropriate structural design
solutions, fabrication technology and the use of the requisite materials, but
also through the selection of the appropriate scanning method, electrical circuit
configuration, operational mode for the system as well as the active elements

and microwave devices which are employed.

With the development of various radio engineering systems and the increased com-
plexity of the design and engineering problems solved by them, the requirements
placed on the antemnna characteristics are also increasing, and in a number of
cases, they become contradictory and altogether insoluble when attempting to
develop new antennas on analogy with those previously existing and presently in
operation. For example, the striving to increase the range and precision of the
determination of angular coordinates in radar leads to the requirement of increas-
ing the antennas directionality, which causes an increase in their size and
weight. The increase in the flight velocity of aircraft leads to the necessity

of increasing the rate of beam motion in space. It is not possible to combine

the requirements of increasing the directionality and the rate of beam travel in
mechanically scanned antennas because of the inertia in their structure. Similar
contradictions also arise during attempts to simultaneously provide for high
directionality and the requisite frequency, power and direction finding character-
jstics. These circumstances force one to dispense with the traditional type of
antennas for the given class of radio systems and to change over to antenna
arrays.

The use of complex antennas in the form of arrays, consisting of systems of poorly
directional or directional radiators, significantly expands the possibilities
for realizing the requisite characteristics.

A system of radiators with an electrically controlled phase distribution - a
phased antenna array - accomplishes the electrical scanning of the beam in space

at a rate which can be several orders of magnitude greater than the speed of
mechanical scanning antennas. The setting time to a specified point in space for
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the beam of a phased array is practically determined by the speed of the electric-
al phase shifter or the frequency tuning or frequency scanning time, and is not
related to the weight or the dimensions of the antenna. With this "inertialless"
scanning, new, previously not used methods of spatial scanning and multitarget
operation are possible (the simultaneous tracking of several targets in space).

"Arrays made of narrow beam antennas. make it possible to increase the ultimately
realizable resolution, gain and maximum transmitted power. Arrays have been
designed and are being designed using large reflectors for the antennas of radio
telescopes for space communications, having a resolution of down to minutes of
an angle in the centimeter band [0.3]. The arrays make it possible to create
multiple function antennas, in which the shape and width of the directional pat-
tern are changed by means of electrically controlled microwave devices, depending
on the functions being performed by the radio system..

The realization of different kinds of amplitude-phase distributions is signifi-
cantly simpler in an antenna array than in reflector, horn, lens and other micro-
wave antennas, since directional couplers, phase shifters, switchers and other
components can be inserted in the exciting radiators of the device (power dividers
of the antenna array), where these components provide for the requisite distri-

" bution or control. Various kinds of amplitude-phase distributions make it possi-
ble to realize so-called optimal directional patterns in practice (with minimal
sidelobe radiation), as well as directional patterns having deep troughs ("nulls")
in the direction of interference near a target outside the main lobe of the
antenna,

In terms of the structural design, the use of antenna arrays makes it possible

to reduce the longitudinal dimensions (in the direction of the normal to the
plane of the array) of pencil-beam antennas, and consequently, the volumes
occupied by them, and to use the exterior conducting surface of an object for
radiating. A highly directional antenna array made of horms or reflectors has

a smaller longitudinal dimension than one horn or reflector antenna with the same
directivity. An array of slotted radiators on the convex (conical, cylindrical,
spherical, etc.) exterior surface of an aircraft [05], without increasing the
aerodynamic resistance, makes it possible to substantially reduce the occupied
volume as compared to the corresponding aperture antenna placed in a fairing.
Radio specialists have recently been devoting considerable attention to so-called
active phased antenna arrays, in which a self-excited oscillator, amplifier,
converter, mixer, etc. are connected to each radiator or a group of them. This
new approach to the design of the entire radio system, where it is impossible to
single out such individual devices as a receiver, transmitter, etc., permits a
substantial expansion of system capabilities when processing the incoming infor-
mation, as well as the construction of adaptive (self-tuning) antennas and
achieving better interfacing of the radio system to a computer.

From everything that has been presented here, the role of antenna arrays in
modern radio engineering systems, their possibilities in providing for the.
requisite antenna characteristics as well as for the entire radio system be-~

comes understandable. For this reason, the design principles and methods of
calculating the major parameters of prospective phased and active phased antenna
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arrays with various radiators, geometries and control techniques are set forth
in this book.

1.3, Antennas with Electrical Scanning

We shall deal with the specific features of the conmstruction and design of antenna
arrays with electrical scanning, which must be taken into account during the
planning. It should be noted that up to the present time, no final terminology
has been worked out in the field of antenna arrays with electrical scanning, and
conclusive engineering techniques for their design are also still lacking. We
shall employ borrowed terms and definitions, as well as the most widely dissemi-
nated terminology, corresponding to the physics of the processes which take

place.

Electrically scanned antennas can be treated in the general case as arrays with
a controlled phase or amplitude-phase distribution. Various types of radiators
and channelizing systems are used in such antenna arrays, as well as diverse
ways of exciting the radiators and controlling the amplitude~phase distribution
during scanning. Antenna arrays in this case have the most diverse structural
design. However, the directional properties of antenna arrays, when they are
correctly designed, can be determined just as for highly directional antennas
with a continuous radiating aperture, in which the directional properties depend
on the relative dimensions of the aperture (with respect to the wavelength) and
the field distribution in it. 1In linear and planar arrays, the equivalent radia-
ting aperture changes during scanning, i.e., the projection of the aperture onto
a plane normal to the direction of the beam, and consequently, the directional
properties also change. The changes in the beam width of the array during scan-
i S ning should be taken into account in the
electrical design of the antenna. Graphs
which illustrate the. change in the direc-
tional pattern width, 26p 5, are shown in
Figure 1.1 as a function of the relative
antenna size L/A and the direction of the
beam in space, 6.

10

2.5

Linear, planar or axially symmetric

arrays (annular, conical, cylindrical,
spherical), as well as arrays with a more
complex shape (surface antenna arrays)
find application in practice. Arrays

can be both equidistant (with a constant
spacing between the radiators) and non-
1,000 equidistant types. The directional pat-
tern width of each radiator, the number

of them and their arrangement in the array
are governed by the requirements placed

on the directivity of the antenna, the
spatial scanning sector and the conditions
for the placement and operation of the
antenna.

1.0

0.1

10 100 L/

Figure 1.1. Beam width as a function
of array length and scanning angle for
the case of uniform excitation.
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Cylindrical antenna arrays and phased arrays with a hemispherical scan space are
also treated in the book. Such arrays can be constructed in the form of convex
polyhedra made of planar arrays and arrays which have been given the name
"conformal" in foreign literature.

Assuring the specified requirements for an array with electrical scanning during
the design work can be achieved with the use of different types of radiators,
different spacings between them, array configurations, etc. Cne of the main tasks
of the design work is to find the optimum array variant for the specified require-
ments, taking into account the existing possibilities for the excitation, place-
ment, fabrication and operating conditionms.

The radiators, the number of which in an antenna can reach tens of thousands can
be excited by means of waveguides, coaxial lines and striplines as well as other
types of channelizing systems using parailel, series, branched and other feed
configurations. A spatial excitation technique is also possible which is similar
to the method of exciting lenses and reflectors in which one (the primary) irrad-
iator excites all of the radiators of the array simultaneously. The selection of
the excitation configuration during the design work is determined by the method
of scanning, the permissible losses in the antenna as well as the size and weight.

Beam scanning in a frequency scanning antenna¥* is achieved by changing the oscil-
lator frequency (in the transmitting antenna) and the receiver (in the receiving
antenna). The electrical spacing between the radiators, excited by the channel-
izing traveling wave systems changes with the change in frequency, and consequent-
ly, the phase distribution in the array also changes. The determination of the
characteristics of these channelizing systems reduces, primarily, to the design

of frequency scanning antennas. Frequency scanning antenna arrays prove to be
significantly simpler in their structure than other antenna arrays with electrical
scanning, since there are no other elements in them besides the channelizing and
radiating devices. The presence of a microwave receiver and generator with a

fast response, for example, with electrical frequency tuning is a necessary con-
dition for the design of electrically scanning radio systems. However, the reali-
zation of frequency scanning in the case of wide angle and two-dimensional scan-
ning encounters considerable difficulties. Moreover, the use of frequency scan-
ning is not possible in all radio systems. :

In the case ol a constant working frequency for a radio system, the phase distri-
bution in an antenna with electrical scanning can be controlled by means of phase
shifters. This technique has been given the name of phase beam scanning of an
antenna array. Ferrite, semiconductor, ferroelectric and other phase shifters
- have been developed at the present time, in which the phase of the outgoing

electromagnetic wave changes either discretely or continuously from 0 to 360° as
a function of the control voltage or current. The incorporation of a system of
phase shifters in the device exciting the antenna (the power divider) makes it
possible to realize electrical scanning, where the phase distribution control is
discrete in the majority of cases. This occurs because of the discrete change in

*Questions of frequency scanning antenna theory and design were treated most
completely for the first time by L.N. Deryugin [010].
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the phase shift in a phase shifter or the control current (or voltage), which in
turn is due to the specific nature of the operation of the electromic device
controlling the beam position. Such an electrical scanning technique, which has
been termed switched scanning (or digitally switched scanning in previously pub-
lished literature), is the most promising at the present time, With the
switching technique, as a result of the discrete change in the phase, the direc-
tional properties of the phased antenna array also change. These changes should
be taken into account when designing switched antennas.

The phase distribution of a scanning antenna array can also be controllod by
means of mechanical phase shifters, in which the phase change is accomplished by
means of mechanically moving or rotating special individual components or parts

of the channelizing system of the phase shifter [03]. With such a scanning tech-
nique, which is termed electromechanical, the maximum rate of beam travel is
governed by the speed of the phase shifter, and because of the low inertia of

the devices being moved, can be significantly greater than in mechanically scanned
antennas. The calculation of the directional characteristics of antenna arrays
with electromechanical scanning is the same as for electrically scanned arrays.

The choice of one scanning technique or the other during antenna design is deter-
mined not only by the requisite characteristics, but also by the existing possi-
bilities, the presence of the appropriate electronic devices, the characteristics
of the phase shifters and channelizing systems, power consideratioms, etc.

The transition from mechanical scanning to electrical led to increased complexity
in antenna structural design, which was due to the use, for example, of an array

of radiators with phase shifters instead of one dish antenna, as well as to a

sharp increase in the cost of the antenna unit. The use of phase shifters,
channelizing systems and other supplemental devices increases the phase errors

and thermal losses in an antenna and reduces the gain. For this reason, it is
expedient to change over to electrically scanned antenna arrays only in those

cases where the mechanical approach does not assure the requisite beam control
characteristics and a certain degradation of the power characteristics and increase
in the cost are permissible.

1.4, Specific Features of Phased Antenna Array Design

The further development of microwave antennas led to the working out of new

and increased complexity of known methods of computing the main characteristics.
The structural and computational design work on the antennas became significantly
more complicated because of the increase in the number of parameters governing
antenna characteristics, as well as by the striving to optimize the characteris-
tics or compute them more precisely. :

The design of scanning antennas with specified characteristics is accomplished
with the condition that these characteristics are assured for all antenna beam
positions. For this reason, the calculation of the directional, frequency and
other properties of arrays must be made for various beam positions in the spatial
scanning sector. In this case, the beam width, sidelobe level, directional gain
and other characteristics are determined not only by the array parameters, but
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also by the characteristics of the devices which control the phase distribution
(the discrete step for the phase change in a phase shifter, the deviation of the
dispersion characteristics of the channelizing systems from the requisite values,
etc.).

Complex interaction phenomena occur between the radiators in antenna arrays, which

‘are manifest in a change in the directivity and input impedance of a radiator when

it is inserted in the array. As a result, the directional properties and power

characteristics of an antenna can change substantially in an array as compared to
4 the characteristics found without taking the interaction into account.

Intense developmental work is under way at the present time on the theory of
accounting for interaction in microwave antenna arrays. Engineering methods of
calculating the interaction are known only for certain types of radiators and

a definite arrangement of them. Taking this interaction into account, which
changes when controlling the phase distribution, makes the design of phased micro-
wave arrays considerably more difficult.

The interaction of the radiators in a phased antemnna array depends on the type of
radiators used, their configuration and affects the antemnna characteristics in
differsnt ways. Thus, the interaction of resonant poorly directional radiators
(resonant dipoles, resonant slot antennas) in an array leads to a substantial
change in the input impedance and the resonance properties, so that during scan-
ning, the input impedance of each radiator in the system and the matching of the
driving channel depend on the beam direction in space. The change in the dis-
tribution of the radiating current (field) and correspondingly, the directional
pattern of a radiator, is insignificant in this case.

The interaction of radiators in different types of antenna arrays (for example,
of the traveling wave--dielectric rod type, helical antennas, yagi channels or
aperture-waveguide antennas, horns) is manifest in a change in the current dis-
tribution in the radiator and a corresponding change in the directional pattern
of an element. A change in the directional pattern of a radiating element in

an array is manifest in a substantial change in its width and in the appearance
of deep nulls (indented pattern), something which leads to a significant drop in
antenna gain for certain beam positions in space and to the corresponding mis-
matching of the exciting channel. The mutual influence effect of radiators can
be eliminated by means of the appropriate placement of the radiators, a choice of
their type and size as well as the use of dielectric coatings and other special
measures. For this reason, the design of the radiating elements of arrays is
treated in this book along with the general questions of phased array design.

Finding the optimal variant of a scanning antenna for given requirements, taking
into account the characteristics of the radiators, phase shifters, channelizing
systems and other microwave devices available to the designer, considerably
increases the volume of all of the calculations to be performed during the
design work.

Individual seétions on the theory of microwave antenna arrays and electrical
scanning, which have been published in the literature, are intended primarily
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for specialists in antenna arrays. The study and utilization of this literature
in the designs of antennas for various functions require large expenditures of
time, which creates difficulties during engineering design work. For this reason,
some engineering techniques of designing scanning microwave arrays and their
elements are presented in the book, which make it easier for specialists familiar
only with the general theory and practice of the application of antenna devices

to determine the major characteristics. This has brought about the necessity of
intrcducing a number of approximations and simplificatioms, something which has
influenced the precision in calculating the characteristics and led to a limita-
tion of their range of applicability.

Various methods exist for designing the antemnas considered here, which differ in
the precision of the results obtained and the degree of complexity of the
calculations. The antenna characteristics found by means of the cited engineering
procedures can be made more precise by means of more rigorous computational tech-
niques known from the literature (see the bibliographies for the relevant chap-:
ters).

Along with the simplified design methods, where it has been possible, more rigor-
ous computational methods are included using computers, which make it possible to
optimize the device being developed with respect to one criteria or another by
means of the programs which have been worked out.

The design of phased antenna arrays involves the solution of exterior and interior
electrodynamic problems from antenna theory. When using approximate analysis

b methods, the independent solution of the exterior and interior problems can be
permitted. The solution of these problems, taking their mutual relationship
into account, makes it possible to calculate antenna characteristics and search
for the optimum variant of an antenna which best conforms to the ~~' requirements.
Such an approach made it possible to create independent nethoc., wur che engineer-
ing design of electrically scanned antenna arrays, arrays of radiators and their
elements.

1.5. Specific Features of Active Array Design

The application of stripline and microstripline hardware makes it possible to

a significant extent to reduce the cost, improve the reliability and decrease

the size and weight of antenna equipment. Stripline and microstripline devices
can be used as channelizing systems, power dividers and directiomal couplers,
filters and circulators, isolators and phase shifters, etc. Such advantages of
printed circuit technology as repeatability of the parameters during series pro-
duction and the capability of integration have made it possible to also use these
devices in the structural design of microwave antenna, first in the decimeter and
meter bands, and then also in the centimeter band. The yagi (director antenna),
microstripline radiators, arrays of dipole radiators, compact resonator slot
antennas, etc. can be numbered among them. However, a substantial drawback to
stripline devices is the significant losses in the centimeter band and especially
in the short wave portion of this band. The insertion of an active element in
the microwave channel makes it possible to not only reduce the losses, but to
also increase the radiated power, simplify the microwave distribution system and
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ease the electrical requirements placed on it, as well as to miniaturize the
entire antenna system. The insertion of an active element (or device) in a
radiator or in its excitation channel transforms the antenna array from a passive
reciprocal [sic] device into an active antenmna array, and a phased array into an
active phased antenna array, in which different active elements are used during
reception and transmission. In practice, antenna arrays are broken down into
receiving, transmitting and transceiving, depending on the function. The radia-
tor, active elements, phase shifter, lines connecting these microwave elements,
etc. are structurally combined into a single device, which has been given the
name of an active phased antenna array module.

The most diverse circuit configurations are known at the present time for receiving

= and transmitting modules. For example, in some circuits, the active element is
coupled to each radiator, while in others, it is coupled to a group of radiators.
There is a lack of unified terminology to an even greater extent for phased
antenna arrays for active arrays,

The designing of the transceiving module of an active phased array with the

theoretic and component bases existing at the present time is actually broken
= down into the solution of two independent problems: the development of the
transmitting module and the development of the receiving module. As is well
known, modern microelectronics has achieved significant successes; various inte-
grated circuits have been created which are widely used in radio receivers. At
the same time, there is a lack of series produced high power microwave inte-
grated circuits for radio transmitting devices. This circumstance has also led
to the necessity 6f a more detailed treatment of the questions of the design of
active transmitting modules in this book.

- When developing an active phased antenna array module, a solution which provides
E for minimum antenna cost while assuring all of the requisite characteristics is
preferable. As studies show, the cost of the power generated in a circuit, where
each radiator is coupled to an individual active element, is higher, however,
this is compensated by the less expensive and lower power gemerators and phase
shifters, and the possibility of using more convenient power supplies as well
as facilitating the cooling of the elements of an array.

When designing an active transmitting module, one can use either a self-excited
oscillator or an externally excited generator (power amplifier), or a string of
series connected stages, among which there can be frequency multipliers. Because
of frequency multiplication, the distribution system operates at a frequency lower
than the output frequency, and as a rule, at a lower power level, which makes it
possible to substantially reduce the losses in the system.

The major requirements placed on the active elements of modules are assuring the
specified output microwave power, relatively high values of the efficiency (no
less than 20 to 40%) and power gain (more than 10 dB), operating mode stability,
comparatively wide passband (more than 5%), a small scatter in the parameters of
the individual models, operational stability in a wide range of temperature varia-
tion, low levels of generator noise, filtering of spurious signals and those out-
side the passband, as well as a number of structural design (small size and weight)
and economic requirements.
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Semiconductor microwave devices such as bipolar power microwave transistors, mul-
tiplier diodes (varactors and charge storage diodes) as well as microwave diodes
(IMPATT diodes and charge transfer diodes) have been finding increasingly wider
applications in active modules in recent years.

High power microwave transistors are the most sophisticated semiconductor devices
in the microwave band; they have working frequencies which as yet do not exceed

5 to 7 GHz. For this reason, when developing active phased array modules for a
working frequency in the 3 centimeter band using these transistors, it is neces-
sary to provide a frequency multiplier, something which leads to the use of an
amplifier and multiplier chain in the module. Diodes with a nonlinear p-n
junction capacitance are used as the nonlinear element in the multiplier, where
these diodes are distinguished by a high input to output signal power conversion
gain, small dimensions and weight and which practically require no power from
the power supply.

Microwave amplifiers designed around avalanche transit time diodes have a higher
output power (by an order of magnitudé) and a greater efficiency (up to 5 to 15%)
than charge transfer diodes.

Active modules can also be designed around self-excited microwave device oscilla-
tors (transistor or diodes) using a system of synchronization from a special
frequency source.

The design of the radiating system of an active phased antenna array is closely
tied to the development of active modules which assure the requisite characteris-
tics of the antemna array. For this reason, when planning an active phased array,
it is necessary to select the circuit configuration of the active modules, com-
pute the operational modes of the generator stages and the microwave networks
matching them as well as execute the structural design of the gemerator circuit
components in the form of a hybrid integrated circuit. It should be noted that
calculations of semiconductor microwave generators are made at the present time
using approximate methods, since the devices themselves are complex nonlinear
microwave devices. However, these techniques make it possible to estimate the
major power and structural design characteristics of the stages with a precision
adequate for practice and to design the radiating system of an active phased
antenna array based on them.

The power engineering characteristics (output power, working frequency, efficiency,
gain, etc.) of microwave semiconductor devices are treated in the book for the
purpose of using them in the active modules of active phased arrays and attention
is drawn to the possibility of the appearance of thermal limitations with certain
structural design requirements related to the realization of beam scanning in

- " the array. Design procedures are given for the operating conditions of high
power microwave transistor oscillators and their matching networks, as well as
frequency multipliers using varactors and charge storage diodes, which make it
possible to design an active module using an amplifier and multiplier chain.

Special attention is devoted to the design of microwave oscillators and amplifiers
around avalanche transit time diodes, which meet many of the major requirements
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placed on the active elements of active phased array modules in the 3 cm band.
Reference materials are also given for. the structural design of the components
of microwave networks.

-
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2. PHASED ANTENNA ARRAYS
2.1. The Determination of the Geometric Characteristics of Phased Antenna Arrays

Some of the most widespread types of phased antenna arrays are linear and planat
arrays. The majority of planar phased arrays consist of identical radiators,
positioned at the nodes of a plane coordinate grid with twofold periodicity.
The most useful grids are rectangular and triangular (or hexagonal) (Figure 2.1).

It is assumed in an elementary analysis that the directional pattern of a radiator

in an array does not differ from the directional pattern of an isolated radiator.

Figure 2.1, Methods of radiator layout. Figure 2.2. Systems of coordi-
nates

The excitation phase for the radiators in an array in the case of narrow beam
radiation provides for the in-phase addition of the fields in a specified direc~
tion and depends on the position of the radiator in the array:

Doy Degs Pra) = - K (X g €OS Py - Vg sing,,)sin 0, 2.1

where k = 2n/y is the wave number; Xnq and Ypq are the coordinates of the radia-
tors in the array; 6, and ¢, are the angles in a spherical system of coordinates
which determine the direction of the main lobe (beam) in space (Figure 2.2).

The directivity function of an array £(&, ¢) can be represented in the form of
the product of the directivity function of an isolated radiator F(6, ¢) times an
array factor Fy(6, ¢), which can be treated as the directivity function of an
array consisting of isotropic radiators:

T, @) £, ¢) Fe(; ), 2.2)

where

M.N ) (",
Fy(0, ¢):- Z‘I Apn e ( ”)'

m, n =1\

In the cited express1ons, Apn is the amplitude of the excitation for an array
element; Dl = f (Xoun COS |- Y i @); 5 sin® is the spatial phase shift for

the observation direction 8, ¢.
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When .the radiators are placed.at the nodal points of a coordinate grid with two-
fold periodicity, the in-phase addition of the fields of the individual array
radiators is possible not only in the direction of the main lobe of the direc-
tional pattern, but also in other directions which correspond to the spatial phase
shift, which compensates for the phase shift between the radiators due to the
excitation. Then, in addition to the main lobe of the array, there also exist
diffraction maxima of higher orders. The spatial orientation of the diffraction

" maxima depends on the spacing between the radiators. With a reduction in the
_spacing between them, the number of diffraction maxima located in the region of
the real nodes, is reduced. It is essential for normal operation of the array |
that only one main lobe of the array be located in the region of the real nodal
points, while there be no diffraction maxima.

When using a rectangular grid, there are no higher order diffraction maxima if the
spacing between the radiators in the direction of the coordinate axes satisfies
the following conditions:

d,/hg l/(SlI’l 0¢ max-F ]); dy< 1/(5in Oy wax -+ ‘).

(2.3)
where ) is the wavelength; 0y p.x and Oy max are the maximum beam deflection
angles in the 20X and Z0Y planes (Figure 2.2).

For a triangular grid, the corresponding condition has the form:
d 2 1 '
—_———
A V3 Hsin0py, ! - (2.4)

where Opgax 1is the maximum deflection of the beam from the normal to the array.
For example, if Opax = 45°, then we obtain for rectangular and triangular grids
dx = dy = 0.58 A and d = 0.68 )\ respectively.

Thus, the use of a triangular grid makes it possible to increase the spacing
between the radiators and to reduce the overall number of them. It follows from
expressions (2.3) and (3.4) that this reduction amounts to approximately 13% of
the number of elements in an array with a rectangular grid.

Conditions (2.3) and (2.4) do not take into account the directional properties of

the radiators of an array and determine the ultimate spacings in an array of

isotropic radiators. In the case of a limited scanning sector, the use of direc-

tional radiators makes it possible to increase the spacing between them as com-

pared to the values determined by (2.3) and (2.4), and to correspondingly reduce
' the overall number of them.

In fact, if the directional pattern of one radiator of an array is zero or close
to it outside the scanning sector (Figure 2.3), then one can allow the existence
of higher order diffraction maxima in the region of the real nodal points, in-
creasing the spacing between the radiators as compared to (2.3) and (2.4), and
requiring in this case that during all movements of the beam, the diffraction
maxima do not fall in the scanning sector. Since the directional pattern of an
array is obtained by multiplying the directivity function of a radiator and the
array factor, the diffraction maxima are suppressed, since they will be multiplied
by small or zero values of the radiator directivity function.
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Figure 2.3. Directional pétterns of an ideal (1) and a real (2) radiator,
and the lobes of the array multiplying factor (3).
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Figure 2.4. A phased antenna array with nonscanning "subarrays'.

Key: 1. Subarray radiators;
2. The subarrays.

The advantage gained in the number of radiators as compared to an array of iso-
tropic elements for triangular and rectangular grids is defined by the following
o expressiovns:

Nu-\o-rp I/ (l + 3'"0mnx)° Nunorp _ (1-+sin0p,,)?

, N Tom . sime, N 4sim0,, (2.5)

[Nyaotp = Nigotropic). For example, when Opay = 40°, the number of radiators is
reduced by 45% ang 39% respectively.

| However, the design of a directional radiator, the directivity function of which
would fall off rapidly to small values outside the bounds of the scanning sector
is a complex problem. The directivity functions of actual radiators differ from
the ideal., For this reason, the number of radiators in real scamning arrays is
! greater than the minimum possible. If the width of the directional pattern of
a phased array does not exceed 1°, while the scanning sector in both of the main
planes is less than 10°, then the requisite directivity can be obtained by com-
bining conventional poorly directional radiating elements into groups (Figure
2.4). Such greoups of radiators will be called subarrays in the following. The
radiators of each subarray are excited in phase and produce a directional pattern,
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the maximum of which is oriented in the direction of the normal to the plane of

the array. During scanning, the excitation phases of each of the subarrays, which

can be treated as individual antenna radiators, are changed by means of phase
shifters. The relative dimensions of the subarrays are chosen in accordance with

the specified scanning sector and the permissible level of the higher order dif~-
fraction maxima. Since the shape of a subarray directional pattern differs from

a rectangular one, when determining the dimensions of subarrays it is necessary

to take into account the permissible level of the higher order diffraction maxi-

ma, which now fall within- the-bounds of-the main-lobe-of the directional pattern.....
of the subarrays during scanning (Figure 2.3). Design formulas have the form:

L;' ,/A=a/(1+a) sin Bz, y max, (2.6)

where o is the permissible level of the diffraction maxima relative to the main
maximum of the directivity characteristic; L'x are the dimensions of the sub-
array along the X and Y axes respectively (Figﬁ¥e 2.5). The number of lines and
colurms formed by the subarrays is determined by the expressions:

L .
Ny p=—2L A2 i Oy rax o 2.7)
S a .
where Lx, are the dimensions of the array aperture along the X and Y axes respec-
tively. %he product N = NxNy is equal to the number of phase shifters in the
, array. e B .
14
o o ©
o o ofYd®
o 0o O
, 7
Ny 7 T
4
_ . 7
" - )

Figure 2.5. The geometry of a plane antenna array with nonscanning
subarrays.

If the subarrays are replaced by aperture radiators (for example, horn antennas),
then when determining the quantities Ny and N,, it 1s necessary to multiply one

of them, corresponding to the H-plane of the Korn antenna by a factor of 1.5,
since the field distribution in this plane falls off towards the edges of the
aperture, which leads to a widening of the directional pattern of the horn antenna.

The antenna dimensions are determined by the specified directional gain or width
of the directional pattern, the wavelength and the selected amplitude distribution
of the field in the antenna aperture. (The choice of the amplitude distribution
in the antenna depends on the requisite level of the sidelobes.)
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(in-phase aperture), A(x);
2. Formulas for the directional pattern without taking the
directional properties of an elementary area into account,

F(u);

Law governing the change in the amplitude of the field
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TABLE 2.1. _ !
(3) Ta6auna 2.1 b
inpusa 6.2 '(
3ako Hawe- JHma | fonowe- | Vponens |£3%27
HCHUR AMIAll- Gopuyan ans IKH Gea " =05 a t
oo’ |(2) guers veopamncwnx | sotomh: | s el Sotowro (£383
(1) pacnpun) nnowanxn F (u) onoc-ru“ 0; nenecta, §§ ,g H
= 2055 [(&4) (55" [%52d(6).
A=l sinu 08 |s7.32 | 132 | 1,0
] , L L
) A=0,8] 52,7 l 60,7 L -15,8 | 0,994 i
i’ﬂﬁ + L L )
I—(1—A) X* “ ann [8=08 55.6—::- 65,3 % —17,1 | 0,970
+(1—8) —(—) .
da\ w |y o ook |a1,0 | —20,6 | 0,63
L L|"
sin?u/2 l }_ A
=1 X i B4 (14,6 7| ~20.4 [0,760
n—uetoe even| l’. .’.‘. —
phati n=1|688 | 8,9 23 |0,810
n/2 S 2
= - = - 66
u[] [(2k)’ n=2| 83,2 T 114,6 7 32 |0,667
k=1
cos® n—X n—HevetHoe odd A A
2 odd |\, _3{95,1— |143,2—| —40 |0,57
cos u L L
N A A
[(2::-1)'——] n=4[110,6F 17,95 | —48 [0,515
T3 |

3. Directional pattern width at the half power level 290 53
4, Position of the first null, eo,
5. Level of the first sidelobe, dB;
6. Aperture area utilization factor, v.

Some of the radiation characteristics of a rectangular aperture are given in
Table 2.1 for various field distributions in the aperture. The data of the table
are justified for antennas with a continuous distribution of radiators. However,
with a small spacing between the radiators, they are also justified for antenna
arrays. As can be seen from the table, the level of the first sidelobe and the
nature of the decay in the level of the remaining Jobes depend on the specific
features of the field amplitude distribution at the edge of the aperture. In

the case of a uniform distribution, which has a break at the edge of the aperture,
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2

the level of the first sidelobe is ~13.2 dB, while the leveluof the remaining
lobes falls off in proportion to 1l/u, where u = (kL/2) sinS.

& In the case of triangular and cosine
' distributions, continuous at the edge
of the aperture, but the first deriva-
tive of which has a break, the level of
the first sidelobe is -26.4 dB and -23
dB respectively, while the level of the
. . remaining lobes falls off proportionally
ﬁﬂz}v- to 1/u“. With a cosine-squared distri-
. : bution, continuous at the edge of the
- - aperture along with the first derivative,
: P the level of the first sidelobe is =32
= dB, while the level of the remaining
‘ lobes falls off as 1/u’.

Figure 2.6. The equivalent 1ength of an

antenna array. The data cited in TaBle 2.1 correspond
‘ to the antenna beam orientation in the
l direction of the normal to the line of position of the radiators in thé case of

a linear array or to the plane of the aperture in the case of a plane two dimen-
sional array. ‘

To calculate the width of the directional pattern of a linear array with a devia-
- tion of the beam from the normal, the concept of equivalent array length is intro-
duced (Figure 2.6): '

Lequiv .= Ndcosemin . Loy =Nd cos 0. (2.8)

With an increase in the deviation angle, the equivalent length falls off, while
the width of the directional pattern increases in accordance with the formulas of
Table 2.1.

In a two-dimensional planar array, with a deviation of the main lobe from the
direction of the normal to the aperture in any plane, one can assume that the
directional pattern also changes only in this plane; this assertion becomes more
precise, the greater the dimensions of the array. For arrays, the length of
which is greater than 10 A, this is well justified.

With a deviation in the main lobe from the normal to the plane of a rectangular
array in the main X0Z and YOZ planes, the concept of an equivalent size and equiva-
lent array area can also be introduced to determine the directional pattern width
and directional gain:
, = Lyono™ Nx dxc0s Oy (mockocTh X02), (xo0z Plane),
X equiv Ly oxe = Nydy cos 0, (nnockocte YOZ);

(2.9)
Soxn= Nz Ny dy dy c0s Oy

where Ny, and N, are the number of rows and columns formed by the radiators of
- the array, parallel to the X and U axes of the rectangular system of coordinates
respectively.
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It is not difficult to note that the equivalent values are equal to the projections
of the actual geometric characteristics on to a plane perpendicular to the direc-
tion of the main lobe. The directional pattern width in the main planes can be
found from the formulas of Table 2.1 when the corresponding equivalent dimensions
are substituted in them.

To estimate the change in the directional gain of a planar array with a deflection
of the directional pattern maxima from the normal to the plane of the array
through an angle 84,4,, One can employ the relationship:

D(6pain) = Dpcosbpain (2.10)

where Dy is the value of the directional gain in the direction of a perpendicular
to the plane of the array. Formulas (2.8) - (2.10) are approximate, and their
precision is better, the smaller the beam width, i.e., the greater the relative
dimensions of the array.

The directional gain of a planar array with the beam oriented in the direction of
a normal to its plane can be computed from the following formula:

© Dy=4nSvIM, (2.11)

where v is the aperture area utilization factor and its value is determined by
the amplitude distribution; S is the aperture area.

2.2. Mutual Coupling Effects Among Radiators

Numerous theoretical and experimental studies have shown that it is impossible to
neglect the mutual influence of array radiators. 1In accordance with [08], the
interaction between radiating elements in an array is manifest as follows:

--The input impedance of the radiating element in an antenna array differs from
its impedance in free space and is a function of the scanning angle;

—-The directional pattern of the element changes;

—-The polarization characteristics are distorted.

In a number of cases, the interaction of the elements in an array leads to a sharp
mismatch between the antenna aperture and the feed circuits. Large antenna arrays
at such scanning angles become blinded.

One of the most important characteristics of an antenna array is the directional
pattern of a single radiator with all of the other radiators loaded into matched
Joads. In other words, this is the directional pattern of the array when only
one radiator in all is excited in it, while all of the others are connected to
loads which can be either the output impedances of the generators or the input
impedances of the receivers in the case of active arrays, or loads which match
the characteristic impedances of the supply feeders. When one radiating element
is excited, because of the mutual coupling there is excitation of the adjacent
radiators and the directional pattern of this element in the array is produced
as a result of the superimposition of the fields of adjacent elements on the

- 25 -

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0

FOR OFFICIAL USE ONLY

field of the excited radiator. In this case, waves are excited in the feeders of
- adjacent elements loaded into passive loads and a portion of the energy is
absorbed in the loads.

For an antenna array of finite dimensions, the radiation resistance and direction-
al pattern of a single radiater depend on its positiom, since the cross coupling
is manifest in different ways for radiating elements located at different points
in the array. Consequently, the principle of multiplication of the directivity
characteristics can prove to be unaéceptable in this case. This applies to arrays
with a relatively small number of radiators.

In a large planar antenna array, the characteristics of the radiators of the cen-
tral region are practically identical and the most important features of their
behavior can be described with sufficient precision by the behavior of the
radiators of an infinite antenna array. For this reason, an infinite antenna
array can successfully serve as a model for the analysis of large planar antenna
arrays. In this case, the directivity function of the antenna array can nonethe~
less be represented in the form of the product of the array factor and the direc-
tivity function of a single element, which is determined taking an infinite

- environment into account.

One of the most important reasons for using an infinite array model consists in
the fact that this model can be treated as a periodic structure, for the study

of which there are various analytical techniques. In the case of uniform excita-
tion, it is sufficient to calculate the field distribution in one of the cells

of this structure. The reflection factor and the radiation characteristics are
determined by this field. The specific features of the various analysis tech-
niques for infinite arrays are treated in [08]. Specific features of methods

of analyzing other models of phased arrays are also given there.

We shall briefly consider what the effect of phased array blinding consists of.
The concepts of hidden resonance, field suppression, nulls of the directional
pattern of an element in an array and leaky waves. All of these concepts can
be considered valid, but each of them does not exhaust, rather only underscores
the different aspects of the phenomenon. Such a diversity in the interpretations
of the blinding effect is partially explained by the two different approaches

to the study of phased antenna arrays, one of which corresponds to the case of
the excitation of all array elements, where the concept of input impedance of
the radiator and the reflection factor is used to describe the array properties,
while the second involves the excitation of one element with all of the other
elements loaded into the impedance of the generators, receivers or into matched
passive loads. The concepts of hidden resonance and suppression are explained
by the behavior of an array in the case of the first approach to the study of
array properties, while directional pattern nulls and leaky waves explain the
specific features of array characteristics with the second approach.

The blinding effect can be observed for various radiating element structures.
Radiating elements, of which hidden resonance is a characteristic, are shown in
Figure 2.7 a-c. Each structure contains regions in which the propagation of
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surface waves is possible, (Besides the indicated structures, hidden resonance is
also possible for director radiators (see Chapter 10)). We shall consider some
of the specific features of the occurrence of this phenomenon.

In accordance with the theory of hidden resonance [0.8], the condition for array
blinding matches the condition for surface wave propagation in an appropriate . _
radiator structure. For example, a slotted array,-excited by waveguides (Figure
2.7b), contains a dielectric layer Iying on top of the slots. If a surface wave-
guide system is mated to this array, where the system is in the form of a dielec-
tric layer on a solid metal shield, then the blinding of the array of narrow
slots corresponds to the beam direction in which a phase distribution is esta-
blished along the array which matches the phase of the surface wave field at the
points where the slots are located. In this case, the field in the array over
the slots is identical to the surface wave field in the dielectric layer on the
metal shield, while the input admittance of the slots is infinitely high. As

as result, the waves propagating in the waveguides are completely reflected back
to the generators. The array does not radiate anything.

//
/% E %%/ %/ Z 2=
&
(a) (b (c) (d) e) (£)
Figure 2.7. Radiating structures in which the effect of blinding is
observed., -
A~ &)
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Figure 2.8, A leaky wave in a periodic Figure 2.9. Directional pattern of a

array with the excitation of a single waveguide array.

element. Key: 1. Layout of the radiators;

Key: 1. Leaky wave radiation; 2. Direction of the diffraction
2, Leaky wave. maximum.

It is essential to note that the comparison of the indicated guide system and a
phased array make sense only for a beam direction in which the blinding of the
array takes place.
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Examples of radiators for which field suppression is possible are shown in Figure
2.7 d-f. 1In the region filled with dielectric (Figure 2.7b), the higher modes
either propagate or fall in the supercritical mode of the phased array. A
slightly supercritical mode is presupposed in the radiators depicted in Figure
2.7.e-f for the initial higher modes, i.e., the dimensions of the waveguides
should be rather large:Field-suppression occurs as a result of the excitation
of higher modes in the waveguides of the-array because of the asymmetry of the
external field, which occurs during scanning. For a certain scanning angle, the
excitation of the higher modes in the waveguide leads to field suppression in
the aperture, complete reflection, and consequeiitly to the blinding of the
array. .

If only one radiating element is excited in an array, while all of the others are
loaded into passive loads, the nulls of the directiomal pattern of the excited
radiator correspond to the blinding effect. The appearance of nulls in the
directional pattern of the excited element can be related to the excitation of

a leaky wave, which entails the r:moval of energy in a direction opposite to

the direction of its propagation (Figure 2.8). Besides the leaky wave, an excited
radiator produces a space wave. The interference of the indicated waves in the
space above the array leads to the cancellation of their fields in some directions
and nulls appear in the directional pattern of the array element, where these
nulls are absent in the directional pattern of the same isolated element.

The structure of a waveguide array and the directional pattern of a waveguide
radiator corresponding to it [013], calculated taking into account the influence
of adjacent radiating elements loaded into passive loads and exhibiting a trough
is shown in Figure 2.9.

The phenomenon of blinding is observed when the array beam is oriented within
the bounds of the working scanning sector, and for this reason reduces the
phased array scanning sector.

2.3. The Relationship Between the Directivity of a Radiator in an Array and the
Directional Characteristics of a Fully Excited Array

The convenience and importance of the concept of the directivity characteristic
of an element in .an array consists in the fact that, first of all, when all of
the antenna array radiators are excited, the superimposition of these patterns
makes it possible to obtain the true directional pattern of the array, and
secondly, an experimentally measured directional pattern of an element in an
array can be used, as will be demonstrated in the following, to calculate the
reflection factor in the feeders comnected to the radiators when all of the
array elements are excited. The latter circumstance is especially important
when, because of the complexity of the structure of the radiating elements,
their theoretic analysis proves to be difficult.

The directivity function of an element in an array corresponds to the gain of
the element in the array: the directional pattern of the element in terms of
power:

g0, o) = F(6, q). (2.12)
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In the case of equal amplitude excitation of the elements of an array, the gain
of the array is related to the gain of an element in the array by the simple
relationship:
G (0, ¢) = Ng (8, ¢).
©, ) =Ng ®, o) (2.19)
This relationship determines one of the major advantages of the utilization of the

element directivity characteristic in an array: using this directivity character-
istic, one can determine the gain of a fully excited array.

If the generators which drive the radiators are matched to the feedlines running
to the radiators and there are no thermal losses, then the difference between
the gain of the antenna array and the directional gain is determined by the
energy reflected from the radiators back to the generators:

G (05, @) =D (0, 9) [1 — I (0, )], (2.14)

where I'(8, ¢) is the reflection factor in the feeders driving the radiators.

Reflections in feedlines are due to mismatching these lines to the input impe-
dances of the radiators of a fully excited array. Since the excitation phase of
the array elements changes during scanning, the input impedance of the radiators
is a function of 6, ¢. The coefficient T is related to the input impedance of
a radiator Z, by the following relationship known from transmission line. theory:

T O, §) =IZa (0, 9) — ZolZ, 6, 9) + Za, : (2.15)

where Zg is the characteristic impedance of the feeder to which- the radiator is
connected. '

"If there are no higher order diffraction maxima, then the directional gain of the

array is determined by the expression:
D = (4 n/A*) AN cos 0, » (2.16)

where 6 is the angle formed by the direction of the main lobe of the directional
pattern and the normal to the plane of the array; A is the area allocated for
one array element,

By comparing (2.13) -- (2.16), welobtain:
g (0, ¢) = (4n?/A?) A cos 01 —T* (0, @)l ' A (2.17)

Expression (2.16) ties together two different operational modes of an antenna
array. The gain of an element corresponds to the excitation of just one element
in the array, while all the remaining ones are loaded into matched loads. The
reflection factor characterizes the reflected power when all of the array elements
are excited. '

If the value of Z, is found theoretically, then one can determine g(6, ¢) by
means of expressions (2.16) and (2.17), and then the gain of the array G(6, 4).
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= In the case where it is difficult to calculate Z, and T because of the complexity

- of the analytical description of these quantities, one can experimentally measure
g(6, ¢) in an array, all of the radiating elements of which with the exception of
one are loaded into a matched load. It is enormously simpler to measure g(8, ¢)
than to experimentally determine G(6, ¢) and Z,(6, ¢) in the case where it is

- necessary to excite all of the array elements. The difficulties in this case are
obvious. They are determined by the complexity of the excitation feeder system.

B Based on the measured g(8, ¢), one can determine |r| and the SWR in the lines
leading to the radiators by means of (2.16).

The ideal directional pattern of an element in an array which provides for array
matching for any beam direction in space can be derived from expression (2.16).
In fact, it follows from (2.16) that T = 0, 1f:

£ (0, ¢) = (4 mAl¥?) cos 0. (2.18)

Thus, the directivity function of an ideal element in an array has the form:
F®, ¢)=(V1x AIA)V cos 0. (2.19)

The efficiency and universal nature of the directivity function of an array radia-
tor is due to the fact that all of the effects related to the interaction of
radiating elements are taken into account in it. It must be noted that the intro-
duction of the directivity characteristic of an array radiator is based on the
assumption of the identical nature of the directivity functions of all of the
radiators, which, generally speaking, is most likely the case in finite arrays.
However, in the case of large arrays, the existing differences are insignificant
for all of the radiating elements except those which are located at the edges

of the array.

2.4, Radiators of Phased Antenna Arrays

Dipoles, open ends of waveguides,'dielectric rod, helical and slotted radiators,
etc. are used as the radiators of phased antenna arrays. Considerable attention
has been devoted in recent years to printed circuit radiators (also see Chapter
9). The choice of a particular type of radiator is governed by the working fre-
quency band, the requirements placed on the shape of the directional pattern of
an individual element radiating power, as well as the polarization characteristics
and broadband response.

There are three methods used at the present time in the design of radiating
elements: 1) the technique of an array with a small number of elements; 2) the
technique of waveguide models; 3) the technique of mathematical simulation.

The major problem in the design work consists most often in minimizing the reflec-
tion factor in a specified scanning sector and frequency range.

In the first case [013], it is necessary to design an array with a relatively
small number of radiating elements, to determine the coefficients and subsequently
calculate the reflection factor for the center element. Then a matching device

is chosen for each element, after which the entire prbcedure is repeated to
confirm the results and improve the matching. The method is extremely laborious
and has poor precision for directions close to the angles where the diffraction
maxima occur.
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Experimental modeling of the operation conditions of a radiating element as a
component part of an infinite antenna array is used in the method of waveguide
models [0.8] for several values of scanning angles, by means of placing a small
number of radiators in a special waveguide unit. One of the drawbacks to .the
technique is the limited number of directions for which one can experimentally
determine the reflection factor. Because of these specific features, the method
does not allow for obtaining complete information on the properties of an array
radiator in a specified scanning sector and frequency range.

The third method, which is based on the study of a mathematical model of the
radiator, is the most promising and has no fundamental limitations on the type
of radiators which can be studied. It is applicable to radiating elements which
can be "calculated", i.e., for which a solution is known for the corresponding
boundary problem as applied to an infinite array. Although the number of types
of such radiators is small, there are extremely interesting ones for practical
applications among them. These are waveguide radiators and their different
variants (waveguide radiators partially and completely filled with a dielectric,
or coated with a dielectric layer), dipole and director radiators over a con-
ducting flat surface, as well as dielectric rod and slotted radiators with
various excitation methods and certain others. A great advantage of the technique
is the fact that mathematical simulation makes it possible to reproduce any
changes both in the model which are possible in principle and in an experiment,
but which may be difficult to realize. The utilization of the technique sub-
stantially curtails the volume of experimental studies related to the development
of the radiators, and in a number of cases, even eliminates them.

When using mathematical modeling, the process of developing a radiator can be
broken down into four steps:

1) The choice of the type of radiating element and the determination of the para-
meters of the layout grid for the radiators in the arrays;

2) The calculation and minimization of the reflection factor by means of varying
the radiator parameters being changed;

3) Selecting a matching device and matching the radiator;

4) Checking the results obtained with the simplest waveguide model.

The first step was partially described in § 2.2.

If an equivalent circuit is known for the selected matching device and its para-
meters can be determined, then the matching device can be completely designed
and optimized along with the radiator. In this case, the second and third steps
are performed simultaneously. It must be kept in mind that in any case, the
matching device should be placed closer to the r-iiator so as not to degrade the
frequency properties of the array.

A distinction is drawn between matching phased array radiators for one direction
- and wide angle matching. Matching for one beam direction is accomplished by
conventional methods adopted in microwave engineering (reactive loops, quarter-

wave transformers, etc.). Some methods of wide angle matching of radiators are
described in § 2.6.
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A description of mathematical models and director, slotted and waveguide radia-
tors is given in Chapter 10.

T

Dipole radiators in a phased antenna array
are usually positioned over a plane conduc-
ting surface, which plays the part of a
shield and prevents back radiation. Theo-
retical and experimental studies show that
two factors have the greatest impact on the
characteristics of a dipole radiator incor-
porated in an antenna array: the arrange-
ment of the radiators in the array and
their postion relative to the conducting
shield. A reduction in the step spacing

of the array leads not only to the suppres-

'

_;;_J

N

Figure 2,10. Structural design of a
dipole radiator.

Key: 1. Dipole arms; sion of higher diffraction maxima, but
2. Balancing unit; also makes it possible to improve matching
3. Conducting shield; in a wide sector of scanning angles.
4. Feedline input. Changing the height of a dipole radiator

over the shield leads to an improvement

in the matching in the extreme positions of
the beam during scanning in the E and H
planes. '

A parameter which has a considerably lesser
impact on matching in the scanning sector
is the dipole length, if the initial match-
ing is accomplished in the direction of a
normal to the plane of the radiators.

A schematic depiction of the structural

. ; " design of a dipole radiator positioned
Figure 2.11. A dipole phased antenna abovg a conducging shield is shown in
array. Figure 2.10. Included in the structure,
besides the dipole itself, are a balancing unit and a feedline, which perform the
additional functions of mechanical supports holding the arms of the dipole. The
presence of the supports can lead to undesirable resonance phenomena under certain
conditions.

An example of dipole radiators with good matching is shown in Figure 2.11. Each
radiator takes the form o! a system of mutually orthogonal, separately excited
dipoles, and it can be used to obtain circular polarization, or can be used in
arrays with two independent channels with polarization decoupling.

Design practice for such radiators shows that the nonparallel nature of the dipole
arms makes it possible to eliminate resonance effects which lead to the blinding
of the phased array.

Printed circuit technology can be used to fabricate dipole radiators. Moreover,

when printed circuit technology is used, the radiating elements, RF feed networks
and phase shifters can be fabricated in a single cycle.
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As studies have shown, the use of directors makes it possible to obtain good
matching of a phased array in a wide sector of angles through the selection of
the length and configuration of the directors.

Waveguide radiators have proved to be one of the most convenient radiators in
the centimeter band for phased antenna arrays, for the following reasons:

1) Waveguide radiators are a natural continuation of the waveguide section
- i where a phase shifter is placed;
2) They are characterized by a high transmission power level;
3) The properties of the radiator can be predicted based on analysis and calcula-
tions which in this case play the main role in the design work;
4) The computed characteristics of a radiator in a large array can be checked by
means of measurements using a simple waveguide model.

The data obtained as a result of analyzing the properties of arrays of waveguide
radiators show that with an increase in the dimensions of the waveguides, the
influence of the higher harmonics in the aperture of the radiators becomes quite
substantial. In contrast to arrays with radiators of relatively small dimensions,
for example, half-wave dipoles in which a sharp increase in the reflection factor
coincides with the appearance of higher order diffraction maxima in the range of
real angles, when waveguide radiators of sufficiently large size are used, a
sharp mismatching begins at smaller scanning angles, something which degrades

the array properties because of the narrowing of the scanning sector. In this
case, the following law is usually observed: the greater the cross-sectional
dimensions of the waveguide radiator, the smaller the scanning angles for the
onset of sharp mismatching. In important consequence following from this is

the conclusion that the spacing between the elements in an array cannot be chosen
by working solely from the requirement of a lack of higher order diffraction
maxima in the region of real angles. The results of studying waveguide radiators
[09] are summarized in Table 2.2, where the limitations on the placement of
radiators in rectangular and triangular grids are indicated which prevent the
appearance of higher harmonic resonances in the apertures of waveguide radiators.

TABLE 2.2.
Triangular Grid Tpeyroasuan cerxa
. dy
Ay s o015 0,75> d—{’ 206 | 06>=120.45 -i;{—<o,45
a/h < 0,7 . a/A <0,65 a/A< 0,6 a/A < 0,75
b/h 20,4 bIh < 0,4 b/A< 0,4 b/A<0,4

Rectangular Grid pjpamoyroaunan cerxa
a/h < 0,75; b/A < 0,5

The placement of waveguide radiators in antenna arrays and the designations of
the geometric dimensions cited in Table 2.2 are shown in Figure 2.12.

Approximate dimensions of a waveguide radiator can be selected using the data of
this table so as to subsequently determine its characteristics and optimize them
by experimental processing or modeling on a computer.
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Figure 2.12., Phased antenna array geometry.

A phased antenna array of waveguide radia-
tors is shown in Figure 2.13. More complex
radiating structures, the basis for which
are waveguide radiators, are treated in

§ 2,6,

To obtain circularly polarized radiation or
two independent polarizations, both wave-
guide dimensions should be sufficiently
great to assure wave propagation with mutual-
ly orthogonal polarizations. On the other
hand, the maximum dimensions of the radia-
tors are limited by the step spacing of the
array and in the majority of cases, steps
must be taken to reduce the cross-section
dimensions of the waveguide radiators.
Blade inserts (Figure 2.14) are used or a
transition is made to coaxial radiators

. . using a Hjj mode [013] to reduce the dimen-
Figure 2.}3. A ppased antenna array gjons of such waveguides. With the appro-
of waveguide radiators. priate choice of dimensions of cylindrical
conductors for a coaxial radiator (Figure 2.15) which assure the propagation of -
an Hyp mode, the cross-sectional dimensions of the radiator can be made less than

half a wavelength.

A coaxial line is used for the feed to the radiator. The transition from the
- feedline to the coaxial radiator is positioned at a spacing of 0.5 g, while the
diameter of the inner conductor is chosen so that this spacing is equal to
Ag 11/4. This provides for Hjj mode propagation and the suppression of the T
mode. Moreover, a supplemental filter can be inserted between the radiator
aperture and the transition adapter for T mode suppression. A standing wave
ratio, Kgy, of less than 3.5 in a passband of 1% was obtained in a scanning
sector of +50% relative to a normal to the plane of the array for the given radia-

tor.
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Figure 2.14. The configuration of . Figure 2.15. A coaxial radiator.

waveguide radiators with reduced

cross-sections. Key: 1. Crossbar transition;

2. Feedline;
3. T mode filter.

Figure 2.16, Radiator with a multimode Figure 2.17, Waveguide-dipole radiator.
waveguide section. ‘

Another type [09] of radiating element with circular or double mutual orthogonal

"polarization of the field is a radiator (Figure 2.16), the cross-sectional dimen-

sions of which are reduced through the use of an overmoded circular waveguide,
excited by two crossed dipoles. The length of the overmoded waveguide section
is made small. After matching, the value of Kgi is < 2.0 within a scanning sec-
tor of + 50% relative to a normal to the plane of the array in a 137 passband.

An example of a radiator with small cross-sectional dimensions having double or
circular field polarization is a waveguide-dipole radiator (Figure 2.17). The
radiation fields of the printed circuit dipole and the open end of the waveguide
are polarized in mutually perpendicular planes. The feed is delivered to the
dipole radiator by means of a stripline, placed in the waveguide. Since the
dipole radiator is parallel to the wide wall of the waveguide, then in the trams-
verse direction, the size of the waveguide-dipole radiator is determined by the
size of the narrow wall of the waveguide.

Printed Circuit Radiators. In those cases where stringent requirements concerning
size and weight are placed on a phased antenna array, printed circuit components
can be used as the array radiators [013]. These radiators are arranged a short
height above a plane conducting shield (about A/20); a special feature of them

is the possibility of utilizing printed circuit technology in the fabrication of
multielement subarrays with microwave feed circuits and radiators, arranged on
both sides of the substrate,
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Figure 2.18. Printed circuit radiators.

Key: a. Disk;
b. Two stub strip radiator;
c. Single stub strip radiator.,

Different variants of printed circuit radiators exist. In the latest variant
((Figure 2.18a), the printed circuit radiator takes the form of a disk (1),
positioned above a metal shield (2) on a dielectric substrate of small thick-
ness (3). The disk is excited by means of two stubs, to which the energy can
be delivered either by a coaxial feeder or by means of a stripline, placed on
the opposite side of the shield. The stubs are excited out of phase which pro-
vides for maximum radiation in the direction of a normal to the plane of the
shield. The utilization of two pairs of exciting stubs, positioned in perpen-
dicular planes and excited with a phase shift of 90°, makes it possible to
obtain circular polarization of the radiation field.

Another variant of a printed circuit radiator is shown ir Flgure 2.18b. The
array takes the form of a system of metal strips (1) each of which is excited by
a definite number of paired stubs (2). The dashed line singles out the individual
radiator (3) in this system. The pair of radiator stubs is excited out of phase.

A single stub printed circuit radiator is shown in Figure 2.18c. To simplify
the excitation device, one of the stubs is removed in each radiator (3), however,
this necessitates the placement of shunting stubs (2) between the individual
radiators which electrically couple the strip conductor (1) to the metallic
plane (4). Such a structural design in extremely close in terms of its proper-
ties to a section of rectangular waveguide with a length of Ay/2 filled with a
dielectric, excited by a stub positioned near one of its open ends. The fields
radiated by the open ends of a waveguide AW/Z long in the direction of a normal
to the plane of an airay are in phase.
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Changing the input impedance of a printed circuit radiator to match it to the
feeders can be accomplished by virtue of changing the spacing between the stubs
in two stub designs or shifting the stub in single stub structures,

Since the thickness of the dielectric substrate is small, resonance effects which
lead to dips in the directional pattern of the printed circuit radiator are
absent. .

Research has shown that the best matching can be obtained for a disk diameter of
0.6 A4 (Ad is the wavelength in the dielectric) and with a strip width of 0.5 A4,
where the excitation is realized by means of two stubs. In the case of printed
circuit radiator excitation by one stub, acceptable matching is achieved when it
is placed at the edge of the strip.

. Studies show that radiators can be quite well matched. Thus, for an array of
single stub radiators, a value of Kg¢ < 1.2 was obtained in a 12% passband.

2.5. Wide Angle Matching of Phase Antenna Arrays

Mismatching of an array to a feeder system, which is due to the interaction of
radiators during scanning, reduces the attainable gain, leads to direction pattern
distortions and has a harmful impact on the amplifiers which may be inserted in
the array following the radiators. 1In contrast to conventional matching for ome
beam direction, the utilization of wide angle matching techniques makes it possi-
ble to improve the characteristics of the array throughout the entire scanning
sector. For example, in a conventional antenna array intended for scanning in

a range of one-third of a hemisphere, at a single frequency with conventional
matching, T < 0.55 (Kg¢ < 3.5) [0.13]. The maximum gain losses with mismatching
in this case amount to 1.6 dB. The application of wide angle matching techniques
makes it possible to reduce the losses down to 0.8 dB, which is equivalent to
increasing the antenna area by 207%.
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Figure 2.19. The connection of radiators Figure 2,.20. An example of radia-
in linear antenna arrays. tor connection in a planar antenna

array.

o Methods of wide angle matching of phased antenna arrays can be broken down into
- two groups: 1) methods related to modifying the structure of the device exciting
the array; 2) methods, the use of which leads to the placement of additional
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elements in front of the radiating aperture, the reflection from which reduces
the change in the input impedance of the radiators during scanning.

The following methods of wide angle matching for phased arrays belonging to
group 1 have been described in the literature:

1. The utilization of coupling networks betwe¢a the elements. Sections of trans-
mission lines or reactive elements, which couple the array radiatoys, are used as
the coupling networks. The methods of coupling the elements can vary. Shown as
an example in Figure 2.19 are connections of radiators in a linear array. Such
connections are equivalent to the insertion of a reactance in parallel with the
radiator, where the reactance depends on the scanning angle. Selection of the
coupling network parameters makes it possible to reduce the change in the input
impedance during scanning. One of the variants for the insertion of coupling
networks in a two-dimensional array is shown in Figure 2.20. In accordance with
[013], the use of this configuration in an array of dipole radiators intended for
scanning in a conical region of 6 < 60°, makes it possible to reduce the range

of variation in the reflection coefficient down to |r| < 0.26 (Kgy < 1.7) as
compared to || < 0.67 (Kg¢ < 5.1) in the case of conventional matching.

2. Filling the waveguide radiators with a dielectric. In the case considered
here, the dimensions of the waveguide radiators and the parameters of the filling
medium are chosen so that only one mode propagates.

Such a technique was treated in the study of antenna arrays of plane-parallel
waveguides [0.13], which scan in one plane, as well as circular waveguide arrays
with a rectangular grid for the radiating elements, which scan in the H-plane
[0.13]. An improvement in the matching is achieved when this method is used by
virtue of filling the waveguides and through a reduction in the dimensions of the
radiating elements, which assures single mode operation of the waveguides. In
the case of very small radiating elements, the difference in the power directional
patterns of an isolated radiator and an ideal radiator (cos 6) can serve as a
measure of the mismatching during scanning. In the H-plane, the directional
pattern of a waveguide radiator expands with a decrease in the dimensions of the
waveguide, approaching cos“§. Consequently, a reduction in waveguide dimensions
improves the directional pattern of a waveguide radiator in the H-plane. Contrari-
wise, the directional pattern in the E-plane widens as compared to cos 6. It
follows from this t*at the filling of waveguides with a dielectric and the reduc-
tion in radiator diwsnsions related to this reduce the mismatching during H-plane
scanning and increase it in the case of scanning in the E-plane.

3. The use of waveguide radiators with several propagating modes [09]. 1In the

case of linear arrays, an improvement is achieved in the matching through the
choice of the relationship between the amplitudes of the two modes, which are

the Hj and Hyy modes in the case of scanning in the E-plane. This method makes

it possible to reduce the range of variation in the reflection coefficient in an
angular sector of 8 = +54° down to |T| < 0.09 (Kgp < 1.2) as compared to Ir| <0.23
(Kge < 1.6) when using a single mode: Hjg. It must be kept in mind that in this
case, the directional pattern becomes asymmetrical in the H-plane and a null
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appears in one of the directions, which is absent when using only the H;p mode..
The indicated defects in the directional pattern are due to the intense excitation
of a Hyp mode and field distribution asymmetry in the waveguide aperture.

4, The use of electronically tuned matching devices. Although this technique can
provide for wide angle matching, it requires the insertion of additional control
devices in the array, something which greatly increases the cost and reduces the
reliability of phased antenna arrays.

5. The use of matching devices which absorb reflected waves in the radiator chan-
nels. Circulators and isolators, inserted between each element and the generator
can be used as matching devices. This method makes it possible to improve the
operational conditions for the generators, but does not reduce the gain losses
due to mismatching of the radiators.

The following techniques belong to group II.

1. Inserting conducting partitions in the H-plane of a dipole array (Figure 2.21).
These partitions reduce the change in the reflection coefficient during E-plane
scanning, without influencing the conditions for matching in' the case of H-plane
scanning. When this method of matching is employed, a figure of |I'| < 0.23 (Kg¢ <
1.58) can be obtained in a conical scanning sector of 6 < 60°, while in the case
without partitions, IPI 0.45 (Kst £ 2.63) in the same sector. These results

are justified for radiators positioned at a spacing of less than half a wavelength.
The improvement in the matching in this case is due to the change in the dipole
directional pattern in the E-plane, which makes it more similar to the directional
pattern of a waveguide radiator. The directional pattern of an isolated dipole

is substantially narrower than an ideal radiator pattern, while the directional
pattern of a waveguide radiator in the E-plane can be made extremely close to the
corresponding directional pattern of a ideal radiator. The utilization of this
method for a waveguide array does not lead to a marked improvement in the matching
with the conventional configuration of the elements [0.13]. An improvement in

the matching proves to be possible only with a reduction in the spacing between
the radiators as compared to that defined by expression (2.3) [013].

Lot

Figure 2.21. A dipole antenna array with
‘matching baffles,

2. The placing of a thick dielectric
plate in the aperture of the antenna
array. When scanning in the H-plane in
an angular sector of 6 = +72°, a figure
of Kg¢ < 1.15 was obtained for an
. antenna array of flat waveguides [08]
Key: 1. Dipole; 2. Baffle; 3. Conduct~ with a dielectric plate, as compared to
ing shield. ' Kgt £ 2.2 without the plite. This meth-
od is applicable for rectangular and
circular waveguides in a rectangular

au Ej _E and triangular grid. However, in the

case of E-plane scanning, the dielectric
plate increases the reflection, which
leads to the appearance of resonance
dips in the directional pattern of the
radiator.

- Figure 2.22. A thin dielectric sheet
over a waveguide array.
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3. The use of a thin dielectric sheet with a high dielectric permittivity, placed
a small distance from the waveguide array (Figure 2.22). This sheet acts in a
manner similar to a reactance, which changes during scanning. During waveguide
simulation, a value of |T| < 0.38 (Kgt < 2.2) was obtained without the sheet and
a value of |T| < 0.2 (Kgy < 1.5) with the dielectric sheet. A drawback to this
technique consists in the fact that there is a tendency towards a reduction in
the scanning sector in the E-plane, as well as in other planes which do not coin-
cide with the H-plane, because of resonance phenomena. However, this can be
avoided when the thickness of the dielectric is reduced, while the dielectric
permittivity is increased.

4. The utilization of a "loaded" conducting plane. One of the examples of the
use of this method is an array of flat waveguides, between which short circuited
sections of the same waveguides are placed (Figure 2.23a). A waveguide array
with a triangular grid for the placement of the radiators, separated by short
circuited flat waveguides (Figure 2.23b) can serve as another example. This same
method also includes the use of short circuited rectangular waveguides, placed

in the gaps bétween waveguide radiators (Figure 2.23c). In the latter case, total
mismatching (IPI = 1) is successfully prevented in planes not coinciding with the
H-plane, which is due to the appearance of higher order diffraction maxima or
resonance effects, which lead to the blinding of the antenna. The possibility
arises in this case for widening the scanning sector to a certain extent as com-
pared to the sector determined by the appearance of higher order diffraction
maxima. - e e - - s T T

%

9 (c)
Figure 2,23, Examples of a "loaded" flat shield.

5. Close spacing of the radiating elements. When the radiating elements are close .
together, the higher order diffraction maxima move over to the region of imaginary
angles and remain in it for any scanning angles. The change in the reactive com-
ponent of the input admittance of the radiators is reduced in this case and the
mismatching is basically due to the change in the resistive component.

The effectiveness differs for the methods of wide angle matching within the pass-
band enumerated above.

The most broadband techniques can be considered the methods of reducing the spac-
ings between the elements, the use of a thin dielectric sheet with a high dielec-
tric permittivity and baffles between the radiators. Reducing the spacing between
the radiators is unacceptable in the majority of cases, since it leads to an
increase in the number of radiators. The two other methods are applicable both

to waveguide and dipole radiators, arranged in triangular and rectangular grids.
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A dielectric plate can be employed when scanning in one plane and for matching over
a band of frequencies. In the case of a waveguide array, matching is achieved in
the H-plane, and in the case of dipoles, is achieved in the E-plane.

2.6. Structural Configuration of Phased Antenna Arrays

Optical type and closed channel power dividers are used to excite phased antenna
array radiators.

There are two kinds of antenna array configurations using optical type dividers.
In the first case, the energy from the feed irradiator impinges on the collector
(Figure 2.24a) array, passes through the RF circuits and phase shifters, and is
then reradiated in the requisite direction by another array. In the second case
(Figure 2.24b), the collector and reradiating array are combined. The power
received from the feed irradiator is reradiated in the requisite direction.

A merit of optical type dividers is simplicity with a large number of radiators.
Feed irradiators of the corresponding reflector antennas can be used as the feeds,
including monopulse feed irradiators to produce sum and difference directional
patterns. An advantage of reflector type arrays is their structural design and

_ operational convenience, which consists in the accessibility of the radiating
elements during alignment and replacement from the nonradiating side of the array.
An example of the structural realization of a reflective array, intended for
installation in an aircraft, is shown in Figure 2.25. In a transmissive array,
better characteristics can be obtained by optimizing the collector and reradiating
arrays individually.

Figure 2.24. Configurations of antenna arrays with optical power
dividers.

Energy "spillover" through the edges of an array, similar to what occurs in reflec-
tor antennas, must be numbered among the drawbacks to arrays with an optical
method of exciting the elements. This leads to a reduction in the surface utili-
zation factor and an increase in the sidelobe radiation background.

Dividers in the form of a closed channel are made using series and parallel power
divider circuit configurations (Figure 2.26). In the case of series power divi-
sion, the phase shifters can be inserted in the lateral branches of the feedline,
running to the radiators (Figure 2.26a). In this case, 1/Nth part of the power
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flows in each of the N phase shifters, while the power losses are governed by the
losses introduced by a single phase shifter. The drawback to this circuits is
the differing electrical lengths of the path from the antenna input to the
radiators, which can lead to phase distortions at the edge of the frequency band.

" To eliminate phase distortion, it is necessary to inset compensating feeder sec=-
tions in the lateral branches (see § 2.8).

With a parallel power division circuit (Figure 2.26b), which also permits the

use of low power phase shifters, the overall power losses are determined by the
losses in a single phase shifter and there is the capability of equalizing the
lengths of the individual channels to assure a broadband respomse. A drawback

to the parallel configuration is the complexity of matching when dividing the
power among a large number of channels. The double stepped configuration (Figure
2.26c) belongs among parallel division configurations, where in each node of this
circuit the power is divided equally or unequally. In the case of equal divisica,
the double stepped configuration can be made to have a broadband response because
_of the use of feeder sections of equal length from the input to each radiator.

In the case of unequal division, the phase and amplitude distortions within the
passband in the output lines of the branches will be large, while the passband
will be narrower as compared to the case of equal division.

Figure 2.26. Schematics of poﬁér‘&iviaers in the form of a closed
channel.

Various units can be employed as power dividers: waveguide and coaxial Tees,
waveguide bridges, directional couplers using coupled striplines, as well as
resistive ring power dividers using striplines.
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l

Figure 2.27. A double stepped circuit configuration with hybrid
power dividers.

Key: 1. Incident waves;
2. 2aflected waves;
3. Hybrid power dividers.

As a result of the mismatching of the radiators during scanning, the antenna sys-
tem gain is reduced, and something which is no less important, amplitude and phase
distortions appear which in turn can substantially change the sidelobe radiation
level of the phased array. The latter factor is important for arrays with a
requisite low sidelobe level.

In analyzing the impact of radiator mismatching on the shape of the directional
pattern and the operational mode of the feeder system, reflections in the

radiator feed circuits can be treated as excitation of a plane wave in the
radiators and feeder system, where this wave arrives from a direction which is

the mirror reflection with respect to the direction of the main lobe (Figure 2.27),
as well as subsequent sequential re-reflection of the waves excited in the feeder
system from the radiators and the power divider. For arrays consisting of a large
number of radiating elements, the reflection coefficients can be considered approx-
imately the same and equal to the reflection coefficient of an infinite array.

The reflected waves propagating from the radiators in the feedlines partially

pass through to the input of the antenna, and are partially returned to the
radiators, again passing through the phase shifters. These waves, in turn, are

in part radiated and in part reflected, etc. During the radiation of each repeat
wave, additional sidelobes appear in the directional pattern.

- Antenna arrays with various types of power dividers have differing sensitivity to
mismatching. In the simplest case, when each radiator is excited from a separate
generator with a nonreflecting output, the mismatching of the radiators has no
effect on the shape of the directional pattern, since the reflected wave is com-

, pletely absorbed. A similar effect occurs in double stepped circuits, where hybrid
connectors are used as the power dividers. For example, resistive ring power
dividers using striplines can be employed as the dividers in double stepped cir-
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cuit configuvations (Figure 2.27). In such dividers, a portion of the reflected
waves passes through to the antenna input, while the remaining part is absorbed
B in Fhe resistors. In this case, the reflected waves are not reradiated and the
radiators are decoupled. Double stepped power dividers with resistive ring ele-

ge;;; can be built using striplines by means of printed circuit technology (Figure

Another example of a feeder system which
absorbs the reflected wave and provides
for decoupling of the radiators is a

power divider in which directional couplers
are used as the coupling elements (Figure
2.29). The waves reflected from the
radiator pass through to the antenna input
or are absorbed in the loads of the direc-
tional couplers, but are not reradiated by
the radiators.

Figure 2.28. A stripline power divider
- with resistive ring dividers.

Figure 2.29. A power divider with Figure 2.30. A combination power divi-
directional couplers. der circuit using a radial lin..
A radial line (Figure 2.30) excited in Key: 1. Radial line; i
. 2. Feeders of equal electrical
the center by a circular waveguide 1 he
- [013], can be used as a power divider ength;
? 3. Radial line exciter.

for a linear antenna array. The mode
propagating in the radial line excites the radiators of the collector array, which
can be the open ends of waveguides or other radiators. The radiating elements of
the linear array are coupled to the radiators of the collector array by feeder

- lines of equal length, for which it is convenient to use flexible coaxial cable
sections in the given case.

If a Eg; mode propagates in a circular waveguide with an azimuthally symmetrical
field, then all of the array elements are excited in phase with equal amplitude.
However, if a Hy, mode is excited in the circular waveguide, then the amplitude
of the electrical field intensity at the output of the radial line will vary in
accordance with a cosinusoidal law. With the simultaneous excitation of H;; and
Eqpp modes, the resulting field at the output of the radial line is:

Ey =Eg,, - Ey, cos-tp = Eog - E; cos? (¢/2).
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By choosing the ratio of the modal amplitudes excited in the circular waveguide,
one can produce directional patterns with various properties. Beam scanning is
accomplished by means of phase shifters inserted in the feedlines. The electrical

length of these lines is chosen the same so as not to degrade the frequency res-
ponse of the divider.

In the case of small scan angle sectors, it is expedient to combine the great
capacities of electrical scanning systems and the precision of traditional
reflector antennas to reduce the cost of antenna systems [09]. A schematic
Jepiction of such antenna systems is shown in Figure 2.31. The operational
principle of the antennas considered here can be described by using as the ana-
log for these devices, reflector systems in which the beam scanning is achieved
by shifting the feed radiator from the focal point in a transverse direction. In
the case considered here, control of the radiator excitation phase (phasing) of
the small feed irradiator arrays is realized so that the field produced by them
corresponds in the sense defined here to the field of a shifted radiator. Using
the system depicted in Figure 2.3la, scanning can be realized in an angular sector
not exceeding 10 times the directional pattern width. A twin reflector, excited
by a small phased array (Figure 2.31b) scans in an angular sector of less than
B 5° with a beam width of less than 1°. An example of the structural design of
a transmissive type antenna system (Figure 2.31c) is shown in Figure 2.32. The
giver antenna is intended for scanning in an angular sector of 14 x 20°. The feed
radiator array, with dimensions of 22.5 x 30 cm consists of 824 elements. It is
not necessary to use the reflector in the systems described here; a lens antenna
can be used in place of it.
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Figure 2.32. A scanning reflector anten- Figure 2.33. A planar spherical trans-
na with an auxiliary phased missive antenna array.

antenna array.
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An example of the realization of the optical technique of energy distribution in
transmissive arrays is a planar spherical antenna with dual polarization and
separate inputs for each polarization. In such an array (Figure 2.33), the spher-
ical wave irradiated by the feed radiator excites the elements of a spherical
collector array. Coaxial cables of equal length, in which the phase shifters are
inserted, connect the elements of the spherical array to the subarrays of the
planar radiating system. Each subarray is controlled by a single phase shifter,
since its scan sector is small (See § 2.2).

The spherical shape of the collector array
makes it possible to reduce energy losses
related to reflection, since the wave
incidence angle on the collector array is
the same at any point on it and the radia-
tors of the collector array can be quite
well matched., In this case, a greater
bandwidth is achieved, since the spacings
from the feed to the elements of the
collector array are the same. A general
view of an antenna array and one of the
subarrays is shown in Figures 2.34 and
2.35. The radiators of the subarray are
symmetrical dipoles. The radiators in
each subarray are split into two indepen-
dent groups, having mutually orthogonal
polarization. Each group is controlled by
a separate phase shifter. There are two
Figure 2.34. General view of a planar mutually perpendicular dipoles in the

spherical antemna array  gjjector array corresponding to the indi-
from the radiating array  .,ted groups of radiators. The overall
side. electrical length of the microwave circuits

from these dipoles of the collector array
to the subarray is the same. Such a sys-
tem, which takes the form of a controlled
lens, is capable of reradiating a wave of
any polarization. If the feed radiator
radiates two waves with orthogonal polari-
zation, then the field radiated by the
antenna system can have either linear or
circular polarization, depending on the
phase and amplitude relationships between
the orthogonal components.

Figure 2.35. General view of a dipole
subarray.

The considerable spacing between identically oriented dipoles in the subarrays
leads to the appearance of high level diffraction maxima in their directional
patterns. However, the sidelobe level of the directional pattern of the entire
antenna is substantially less, because of the annular arrangement of the
subarrays (Figure 2.34).
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'2.7. The Passband of a Phased Antenna Array

The major factors which influence the frequency properties of phased arrays are
the frequency properties of the radiating aperture, the phase control technique
employed (using phase shifters or delay lines), the type of power divider as
well as the nature of the received or transmitted signal. Formulas are given
in this section for the estimation of the frequency characteristics of a phased
antenna array for signals inthe form of short and long pulses with a frequency
which changes within the bounds of a pulse.

It is assumed in the following in the estimation of the frequency properties of
phased arrays that the working bandwidth of some of its devices, such as phase
shifters, radiators and directional couplers, for example, is no narrower than
the bandwidth of the array, determined by the major factors which are indicated.

In the majority of cases of practical interest, a slight change is permitted in

the phased antenna array characteristics within the working passband. For this
R reason, the effect of each of the indicated factors can be treated separately,

and the overall éffect determined as the sum of the corresponding contributions.

Frequency Properties of the Radiating Aperture. If the phase distribution. remains
constant with a change in the frequency, then the beam produced by the aperture
is shifted through an angle of [013]:
AG ~ — (Af/f) tg 9 .

4 - - (2.20)
It follows from formula (2.20) that the size of the aperture and the beam width
do not influence the shift. With the same frequency change, the displacement
depends on the direction of the beam and it is greater, the more the beam is
deflected from the normal to the aperture. The passband, within which the beam
displacement does not exceed half of its width, is dgfined by the relationship:

Af/f 2 M2L sin 0, (2.21)

where L is the dimension of the aperture in the plane running through the normal
to the aperture and the direction of the main lobe of the directional pattern.

Frequency shifting 6f the beam leads to a gain reduction in the original direction.
: A graph of the change in the gain of a phased array as a function. of the argument:

- u=0,285Af(1g0,,)/200.5, - (2.22)

where Af is the bandwidth (in percent); 8p,5 = 57A/L €088 4 18 the directional
pattern width (in degrees), is shown in Figure 2.36.

By using this graph; one can determine the passband of an aperture for a specified
permissible change in the gain and for a known beam width and its maximum deflec—
tion from the normal to the plane of the array:

Af & 3,31105200.5/t8 Omax, (2.23)
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where u o [upe '] is the argument of the function considered here, corresponding
to the permissible reduction in the gain of the phased antenna array. In particu-
lar, if the gain reduction should not exceed 1 dB, then for an array with a scan-
ning sector of |90| < 60°:

Afﬁ' 200‘5. (2 24)

The results cited here are justified for a signal in the form of a long pulse with
"a frequency which changes within the limits of a pulse. :

In the case where the signal takes the form of a short pulse of width t, which
corresponds to a passband of Af = 1/1, the reduction in the phased array gain
occurs because -of the fact that for various spectral components, the shaping beam
is shifted through different angles, so that the directional pattern of the phased
array for a pulsed signal is wider than the directional pattern for the center
frequency.

We shall make use of the concept of "aperture filling time", which is defined as
the time during which the wave front propagating at the angle 6p,i, passes through
- the entire aperture:

T = L (sin Opn)lc,

(2.25)

 where ¢ is the speed of light. Then condition (2.24) is equivalent to the condi-
tion:

T = 1 (2.26)

The change in antenna gain is plotted in Figure 2.37 as a function of the ratio:

Cu=Th =057 Af(tg 0o)/2 0Ooy. . (2.27)

It follows from this relationship that in the case of short pulses:

. | Af [0/01 = 1175unon 200,5/tg emlxr . (2 . 28)

If a gain reduction of no more that 1 dB is chosen as the criterion for determining
the passband, then in a scanning sector of 6 ., = 60°, the passband for a pulsed
signal is [013]:

Af o~ 4 By 5

/ e (2.29)

Just as in the preceding case, the aperture bandwidth depends on the beam width,
i.e., on the size of the aperture referenced to the wavelength. Increasing the
directivity of the aperture leads to a narrowing of the passband.

The Passband and Phase Shifters. Phase shifters used for beam control in phased
antenna arrays can be broken down into phase shifters and controlled delay lines.
Although this division is arbitrary and a signal delay also occurs in phase
shifters, this delay is usually much less than the aperture filling time for

any value of the phase at the output. This is due to the fact that the maximum
change in the electrical "length" of a phase shifter does not usually exceed 360°.
Moreover, the change in the phase at the output of a phase shifter is small within
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Figure 2.36. The change in aperture gain Figure 2,37. The change in the aper-

(—) and level of the ture gain (—) and level
diffraction maxima (---) of the diffraction maxi-
for long pulses. ma (---) for signals in
Key: A. Gain losses, dBj the form of short pulses.
B. Relative level of the Key: A. Gain losses, dB;
diffraction maxima, dB. B. Relative level of the

diffraction maxima, dB

the working passband and it can be disregarded in a first approximaticn.

Controlled delay lines used for scanning serve to change the rignal delay time in
the channel of the corresponding radiator, which in the final analysis, as it
stands to reason, is equivalent to changing the phase. The maximum signal delay
during scanning in angular sector of IBT £ 90° is equal to the aperture filling
time. However, despite the seeming equivalence of phase shifters and controlled
delay lines, the properties of the phased arrays within the passband differ
substantially depending on the type of phase shifters employed.

Let the phase change be accomplished with phase shifters. If.the phase relation-
ships at the output of the power divider remain constant, then one can assume that
the phase is also constant at the output of the phase shifters. Then the pass-
band of the phased antenna array is governed by the frequency properties of the
radiating aperture, something which has already been noted.

If delay lines are used as the phase shifters, then the signal delay time in the
channel for each radiator is chosen so that the signals from all of the radiators
- at the antenna output are added in phase, i.e., so that the spatial delay is
cancelled out:

Tn = Ln/C (2 . 30)

where L, is the distance from the n-th radiator to a piane perpendicular to the

direction of arrival of the wave passing through the edge radiator (Figure 2.38).
The spatial delay does not depend.Z.i the frequency. For this reason, if the

signal propagation velocity in the delay lines is also independent of the fre~
quency, then the frequency properties of the aperture do not limit the array
passband and it is necessary to take other factors into account. Delay lines
which possess the indicated properties can be designed around T mode guide sys-
tems, the phase velocity of which does not depend on the frequency. Such a delay

- 49 -

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0

FOR OFFICIAL USE ONLY

line takes the form of a set of
switched coaxial cables of different
lengths. However, during wide angle
scanning, the use of controlled delay
lines in the channel of each radiator
does not prove to be possible because
of the impermissible increase in
antenna cost and structural design in
conveniences related to the considera-
ble overall length of the switched
cables. For example, when scanning in

Figure 2.38. Configuration of a'phased an angular sector of 6., = 60°, the
antenna array with controlled maximum length of the switched cables
delay lines. differs only slightly from the aper-

ture size. A widening of a phased
: . array bandwidth can nonetheless be
attained through delay line control of not individual radiators, but rather groups
of radiators (Figure 2.38), while the phase control of individual radiators is
accomplished in a group by phase shifters. Even when the aperture is broken down
into two subarrays, the passband of a linear array is more than doubled.. Doubling
the passband of a planar antenna array is accomplished when the array is broken
down into four parts. In the general case, to increase the passband by a factor’
i of N times, it is-necessary to _break a linear antenna array down into N .subarrays,
| and a planar array down into N° subarrays, controlled by means of delay lines. By
employing the property of array symmetry, the number of delay. lines with long
cables can be substantially reduced [09].

The directional pattern of an antenna system, thé‘subarrays of which are controlled
by means of changing the signal delay time, can be represented in the form:

F(9, ©) = Fu (6: @) F1n (8, 0); (2.31)

where F,(8, ¢) is the directional pattern of the subarray; Fy, is the multiplyiﬁg
factor for the array, the elements of which are the subarrays.

With a change in the frequency (Figure 2.39), the main lobe of the array factor
(1) remains in a constant position, since the phases of the subarray signals are
controlled by means of changing the delay time, while the directional pattern of
the subarray (2) is moved, just as iu the case of a radiating aperture, since the
radiators of the subarrays are contirolled by phase shifters. For this reason,
the frequency properties of the antennas considered here are determined by the
frequency properties of the radiating aperture of the subarray. A significant
circumstance in the given case is the increase in the level of the sidelobes of
the directional pattern for the entire array at frequencies other than the center
frequency. This increase is due to the fact that when the main lobe of a subarray
directional pattern is shifted relative to the array factor, spurious maxim (3)
of the array factor (Figure 2.39) fall in the region of the maxima, where these
spurious maxima coincide at the center frequency in terms of direction with the
direction of the nulls of the subarray directional pattern. Therefore, the

level of sidelobe radiation in the direction of the spurious maxima of the array
factor increases. The sidelobe level for various signals is shown as a function

- 50 -

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0

FOR OFFICIAL USE ONLY

of the argument u in Figures 2,37 and
2,38, It follows from the graphs that
if the drop in the gain does not exceed
1 dB, this level does not exceed 11 dB.
The graphs shown in Figures 2,37 and
2.38 also characterize the change in
the gain of an antenna array with sub-
arrays controlled by delay lines, where
L in formulas (2.20) - (2.29) is under-
stood to be the corresponding dimension
of the subarray.

ln.
z”fj_am'$m4ﬂ The Frequency Properties of Power
Figure 2.39. The relative shift in the Divider Circuits. The Parallel Circuit

Configuration. The various power

divider circuits differ substantially
in their frequency properties. Parallel
and double stepped circuit configura-
tions with equal power division in each
branch possess the best frequency pro-
perties.  This is due to the fact that
the electrical length of the paths from
the antenna input to each radiator are the same and change identically with a
change in frequency. For this reason, the phase distribution remains constant
within the passband at the output of power dividers designed in these configura-
tions. Other feed circuits introduce additional phase shifts, which lead to a
displacement of the beam of the array.

directional pattern of a
subarray with phase shifters
and the maxima of the array
factor with a change in the
frequency in an antenna
system with delay lines.

The Series Circuit Configuration. In the case of series power division (Figure
2.40), where additional transmission line sections are absent (Figure 2.40a),
which equalize the signal path length from the antenna input to the radiators, a
frequency change which changes the phase relationships at the input to the radia-
tors leads to a deflection of the beam of the antenna array. If a T-mode propa-
gates in the main trunk fzeder, then the shift in the beam caused by the linear
phase error occurring with the change in the frequency, is determined by the
exprecsion [013]: o

Ad A 1
QA ot OV e
A"*}..f c0sOpn " (2.32)

where 1y is the wavelength in the feeder trunk. The beam displacement which is
due to the properties of the series feed circuit for the radiators, either adds

to the displacement related to the frequency properties of the radiating aperture,
or cancels it: 4if the beam is deflected in the direction of the array input, then
the beam displacements add; if the beam is deflected in the direction of the load,
then they subtract. The passband, within which the array gain falls off no more
than 1 dB with a maximum beam deflection of 60°, is defined by the relationships
[013]: - )

20
Afy 08
I~ e (2.33)
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in the case of a long pulse with a changing frequency, and:

Afer 205 . (2.34)
“1-FAg/A

in the case of a short pulse.

Figure 2.40. A series power division circuit configuration.

RN 1 . When the main trunk feeder is fed im the
. e center (Figure 2.40b), the system can be
L - treated as two antennas with series power
P >Ior< division. If the beam is oriented with
- respect to the normal to the line of posi-
S~ e . tion of the radiators at the center fre-
S . >;@F< quency, then when the frequency changes,
TS ' the beams of each of the halves of the
’ o< array will move in opposite directions

: . and the overall directional pattern will
Figure 2.41. An optical power division expand, without changing the direction.
circuit configuration. . As a result, the directivity of the

antenna array will be reduced. When the

array beam is deflected from the normal, the angular motion of the beam due to

the specific features of series power division, adds to the motion of the beam

due to the frequency properties of the radiating aperture. For the different

halves of the array, these motions are in opposition: for one half, the aperture

motion is cancelled by the displacement due to the properties of the power divider,

and for the other, the motions add together with the same sign.

In the case of radiation along a normal, the series dividers are worse than paral-
lel dividers, but with a deflection from the normal through an angle of + 60°,

the degradation of the characteristics is approximately the same and does not
exceed 0.25 dB for the series circuit.

If the trunk feeder is a dispersion system, then:

Afm 2005 MMy (2.35)
in the case of a long pulse with a changing frequency; and:

Afz 400‘5 k’x¢ (2-36)
in the case of a short pulse, i.e., the characteristics of the array are degraded.
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Optical Circuit Configurations. When using an optical power division configura-
tion, the frequency properties of an antenna array depend on the relative focal
distance. If the focal distance is large (Figure 2.41), then the properties of
an optical power divider approach the properties of a parallel circuit with feeders
of equal length, though if the focal distance is small, the properties of the
optical power divider approach those of a series configuration with center
excitation. Since with a beam deflection through a maximum angle of + 60° from

a normal to the array aperture, the parallel circuit properties differ insigni-
ficantly from the properties of a series, center fed configuration, the frequency
properties of optical power dividers in the case of wide angle scanning are prac-
tically the same as the properties of a parallel feed circuit with feeders of
equal length.

TABLE 2.3.
iype of Power Divider | Bandwidth Monoca sactor, % . \
: THR AennTeNs MOUJHOCTH
_ ; . Nannnnie HMOYAbCHW ¢ Koporkue sMhysascn
; Long Pulses Short Pulses
" [apannensibiA ABOHYHO-ITAXK- 28y 5 . . 495
Hufl (l) .
{ Tlocacnonarensitnit: : 204 5 40 4
nKTalHe c konua (2) W -m .
NHTaHHe ¢ CepeRHE 290:5 MAp I 48, sMAe
Ontiveckuit QPTICAL l 209 5 | ' 40, 5

Key: 1. Parallel double stepped divider;
2. Series: end fed;
center fed.

The indicated results are summarized in Table 2.3. They correspond to a scan
sector of + 60° with a permissible drop in the directivity of no more than 1 dB.

2.8. Switched Scanning

The beam position of a pencil beam antenna array is controlled by changing the
phase relationships between the currents in the radiating elements. A system
of phase shifters, inserted in the feeder system exciting the radiators can be
used for this purpose.

The major drawbacks to electrically controlled antennas with phase shifters, which
provide for a continuous phase change in the electromagnetic oscillations (ferrite,
semiconductor, ferroelectric phase shifters, etc.) are the instability (especially
the temperature instability), the complexity of the control circuits and the high
requirements placed on the stability of the phase shifter power supplies. These
deficiencies also exist in digital control systems, when individual operating
points on the characteristic of a continuous phase shifter are employed.

The indicated drawbacks are eliminated to a considerable extent with the switched
technique of directional pattern control proposed by L.N. Deryugin in 1960. The
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essence of the switching method consists in dispensing with phase shifters having

a continuous phase change and using switchers and switched phase shifters, at the
“output of which the phase of the electromagnetic oscillations takes on definite
fixed values. The antenna beam control in this case reduces to the simplest opera-
tions of switching radiators or feeder system branches on and off.

The stability of switched antennas is due to the fact that the phase control ele-
ments (semiconductors, ferrites, ferroelectrics) operate in a mode in which only
the extreme portions of their characteristics are used. Moreover, switched anten-
nas can have a simpler controller than a conventional antenna with a parallel
circuit configuration for the continuous phase shifters. The latter is related

to the fact that the position of the beam in space is not governed by the control
voltage, which is different for different antenna phase shifters, but only by its
presence at particular switchers. '

However, switched antennas also have a number of deficiencies, the most important
of which is the presence of phase errors which arise because of the fact that the
radiator excitation phases change in steps and can assume only definite values.
This entails a reduction in antenna efficiency, an increase in the sidelobe radia-
tion level and a jump-like motion of the beam. :

Among the various methods of constructing switched antennas, one can single out -
the two most characteristic approaches. In the first, each radiator has a
definite set of phases, from which the selection of the requisite phase is made
by means of switching the switched phase shifter. With the second method, several
radiators are placed in each section of the antenna with a length of A/2, where
these radiaiors are excited with different phases, and they are selectively turned
on. Some of the aspects of designing switched antennas based on the first approach
will be presented in § 2,10, since the realization of antennas with switched
radiators encounters serious difficulties related to the necessity of placing a
large number of radiating elements in a small portion of an antenna and consider-
ably retarding the phase velocity of the electrcmagnetic waves in the feeder
which excites the radiators.

2.9. Switched Phase Shifters

Switched phase shifters are the major component of phased antenna arrays. They
can number up to several tens of thousands in highly directional scauning arrays.
In this case, the spacing between the phase shifters usually falls in a range

of 0.5 A to A. ' '

Switched phase shifters should have a high efficiency, sufficient electrical
strength, stability of the characteristics and consume the minimum power needed
for controlling their operation.

Moreover, the following requirements are placed on the structural design of phase

shifters: structural simplicity and suitability for production; small size and
weight; high reliability.
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So-called digital phase shifters are used in the majority of cases to control

the excitation phase of the radiators in a phased array. A feed-through digital
phase shifter is broken down into p stages, each of which can be in one of two
states, characterized by the phase shift being introduced: O or n/Zm’l, where

m is the number of the stage. It is sufficient to employ p control signals which
take on values of 0 or 1 to select any of M = 2P possible states of the phase
shifter. Then, for example, in a two place phase shifter, a signal of 00 corres-
ponds to'a zero phase shift, a phase shift of 90° has 2 control signal of 01,
etc. A reflective phase shifter for reflecting arrays can be derived from a
transmissive type by means of shorting the output. To preserve the phase shifts,
it is obviously necessary to cut the phase shift realized by each stage in half,
since the wave in .a reflective phase shifter passes through each stage twice.

In ferrite phase shifters, the phase shift is due to the change in the magnetic
permeability of the ferrite with the action of an external magnetic field. The
switched elements of the majority of semiconductor phase shifters are PIN diodes.
Since the diodes usually operate in the ultimate modes, the tolerances for the
amplitude of the control signals are not stringent.

Merits of semiconductor phase shifters are the small size and weight, the fast
switching speed, the simplicity of the control devices, their reciprocity and
thermal stability. Semiconductor phase shifters are manufactured in stripline
and microstripline variants to reduce the size and weight, and improve the sta-
- - bility, which makes it possible to use printed circuit technology. Advantages
of ferrite phase shiftere are the relatively high microwave power level, since
a bulk ferrite medium is used to control the phase; lower losses, since waveguides
are usually employed in making ferrite phase shifters, the losses in which are
less than in lines using a T-mode, as well as a lower SWR. The switching speed
of diode and ferrite phase shifters amounts to 0.1 psec--10 usec and 0.1--30 usec
respectively.

None of the indicated types of phase shifters has an absolute advantage over the
others and the use of a particular type depends on many factors: the power level,
range of working temperatures, and requirements placed on switching speed and
stability. It must be noted that the high cost of phased antenna arrays, as &
consequency of the large number of microwave components used in them, limits the
wide scale application of phased array systems. Information of phase shifters
for phased antenna arrays is given in [2].

= Semiconductor phase shifters have been developed at the present time which operate
at a transmitted power level in a CW mode on the order of hundreds of watts and

on the order of tens of kilowatts in a pulsed mode. In this case, the losses in

a three place phase shifter in the ten cm band, for example, do not exceed 1 dB

(2]. . .
Ferrite phase shifters at wavelengths shorter than 5 cm havé lower losses than
semiconductor types. The losses per place amount to about 0.3 dB in the 3 cm
band, while the pulsed and average transmitted powers are about 500 KW and 1,000

W respectively [2}. The advantage of ferrite phase shifters of some types is
an internal memory, which makes it possible to control the phase by means of
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feeding in short pulses. In the intervals between pulses, the phase shifter
remembers the phase shift, and no energy is expended to maintain it.

In contrast to ferrite phase shifters, semiconductor types using PIN diodes do

not have such a property, and this is a drawback to them. To preserve the requi-
site phase shifts, it is necessary to expend considerable power: up to several
kilowatts with a large number of phase shifters. In fact, according to [o13],

the control power for a diode phase shifter is 0.1 to 5 W, while the energy needed
to switch a ferrite phase shifter is 20 to 2,000 microjoules.

Phase shifters using field effect diodes and resistive gates are being developed
at the present time [2], the utilization of which will make it possible to reduce
the control power for phase shifters from several kilowatts down to a few watts.
The voltage provided by standard logic gates is altogether sufficient for the
switching of these elements.

2.10. Discrete Phase Shifters and the Suppression of Switching Lobes

In the case of digital phasing, the phase distribution which can be realized in
an array can be represented in the following form:

“®real = %initial + VA Dpean = Puant VA (2.37)

where ®initia1 is the initial phase distribution corresponding to the case where
all of the array phase shifters are in the same position, taken as the starting
position; v is the number of sequential switchings of a phase shifter with the
minimal discrete step of a phase change; A is the minimal phase jump (discrete
step) which can be realized by a phase shifter. ,

On the other hand, the feasible phase distribution differs from the requisite
distribution because of the discrete nature of the phase shifter by the amount
of the so-called switching phase errors:

Preal = °req + &89 Dpenn == 7po6 3 6. (2.38)
In the majority of cases, the phasing is accomplished so that the phase errors
are minimal. With such phasing, the maximum value of the phase errors does not

exceed A/2.

In accordance with the indicated phasing principle:
v = E [(®rpe6— DPyau)/A-1-0,5], (2.39)
where E[X] is the integer part of X.

In the case of digital phasing, the directional pattern of an antenna array having

N x Q radiators is: , R .
- N.Q i (omown +60,0)
FO,0)=F0,9) 2. Ae ng '

( ) (0, ) ".%,‘l ng 2.40)

where A,, 1s the excitation amplitude of the nq-th radiator; ng is the spatial
phase shgft.
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We shall make yse of the Poisson summping formula and the Fourier expansion for
the factor e ", treating it as a function of u = ®req ~ ®initials which as it is
easy to convince oneself, is periodic. If the phased "antenna array takes the
form of a system of radiators positioned at the nodes of a coordinate grid of

a system of coordinates X, Y, then the directional pattern is [1]:

Xx(2) y(2)

L oo 1®pn (2.41)
0, ¢)= sin A/2 . ¥  (=ha SAe p
[0, 9)=—2—F 0. ) PRy i de dy, .
where P prifimm= X y()
X = —XO = Nd 2 Y0 =—Y® =Qdy/2%

¢pfh = d)'rpeo + @+ Mh ((Dfpeﬂ—d’ua'l) +2np (X""' Xl)/dx+
: +2nt (Y —Y)/d,;

A(X,Y) is a continuous function which satisfies the condition A(Xan) = Anq, where
X, and Y, are the coordinates of the nq-th radiator; M = 2%/A.

The sum of the terms of series (2.41) having a subscript of h = 0 defines the
direc.ional pattern of an equivalent array: an array without switching phase
_ errors. The sum of the terms in (2.41) having a subscript of p = t = 0 represents
the directional pattern of a switched antenna array with a continuous distribution
of the radiators. The terms in the series having subscripts of p=t =h =20
apply to the directional pattern of a continuously excited antenna without switch-
ing phase errors. The terms in the series with subscripts of t # 0, p # 0 and
h = 0 correspond to the diffraction maxima of the directional pattern of an array
without switching phase errors. The terms of the series with subscripts of h # 0
and p = t = 0 define the additional lobes which arise in the directional pattern
of the array because of the presence of switching errors. We shall call these
lobes switching lobes in the following. Terms in the series having subscripts
of h# 0, p# 0 or t # 0 define the supplemental lobes in the directional pattern
of the array due to both the discrete nature of the operation of the phase shifters
as well as the discrete nature of the layout of the radiators. We shall call
the indicated lobes combination lobes in the following. Because of the presence
of switching phase errors, the directional gain of a switched antenna array is

reduced:
D=D ( sinA/2
0 A/2 )o

(2.42)

where Dy is the directional gain of an equivalent antenna array without switching
phase errors (2.11).

One of the drawbacks to phased arrays with discrete phase shifters is the presence
of switching and combination lobes, which in the case of discrete phase change
steps of A = /2 - w/4 can be of a rather high level. For this reason, one of

the problems of practical interest is the suppression of the indicated lobes.

The concept of switching and combination lobe suppression consists in the follow-
ing. The configuration of these lobes, in accordance with (2.41), depends on
®initial> Where ®initial, as can be seen from the given formulas, does not
influence the directional pattern of an array without switching phase errors,
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defined by the sum of the terms of series (2.41) having a subscript of h = 0,
Therefore, it is necessary to choose ®j,4¢i,] SO that the switching and combina-
tion lobes have a minimal level. This is achieved with the uniform "erosion" of
the indicated lobes in space, i.e., the optimal shape for lobe suppression is
rectangular. In this case, the extent of the suppressed lobes should be such
that they do not overlap one another, since when the lobes are -superimposed in
space, their total level is increased. It can be demonstrated that with such
deformation of the combination lobes, their extent is proportional to the subscript
h. Therefore, such a value of ®;,4+i51 Cannot be cliosen so that the indicated
condition is met simultaneously for all h, As a result, optimal suppression can
.be provided only for lobes with a definite valve of the subscript h. Estlmates

- of the level of additional sidelobe radiation, due to switched phase errors, show
that with optimal suppression of the switching lobes with h = + 1, the level of

- the overall sidelobe radiation due to the switched phase errors will be minimal.

- If it is required that the absolute value of the integrals of (2.41) not depend
on the angular coordinates, then in the case of a linear array, one of tne equa-
tions for the determination of &4,i¢i,1 assumes the form [1]:

d? @yyq/dx?=2n A3 — j f.2 d2 Mh, (2.43)

where fﬁh is the level of the uniformly washed-out lobe.

As has been demonstrated, maximum suppression of switching and combination lobes
occurs in the case where the washed-out lobes are not superimposed on each other
in space. By employing this condition, one can derive a second equation for the
determination of the minimum value of Eéb and the optimal function @jnjria1 [1]:

s i ¢ — - \_.
Mh d Dy (XN _ dmuau(x(l)) =_2’l_ . (2.44)
dx dX ds |

Equation (2.44) in conjunction with (2.43) completely detines the optimal initial
phase distribution which assures the maximum suppression of the switching and
combination lobes, as well as the level of the suppressed lobes.

Solving the system of equations (2.43) and (2.44), we derive the following for
a uniform amplitude distribution (h =+ 1):

Dune= K95 Grosi =M £ DVN, (2.45)
where

= M(2d NM):
§ ( (2.46)

Ap=+1 is the level of the suppressed switching and combination lobes.

The overall sidelobe radiation level which is due to switching phasé errors is:

gz =2IMV'N . . (2.47)

In the case of a cosine amplitude distribution:
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Sppgm i [ (A s 25X,
nas = MNd2 2 2% Ndy (2.48)
gz = ;

19
- Va2 uVyn
' The results obtained for a linear array are easily extrapolated to two dimensional
planar arrays. For example, for a planar rectangular array with the radiators

arranged at the nodes of an orthogonal coordinate grid, with a uniform amplitude
distribution: ‘

Dpau=K (7 X3+, V¥,

haa® (P X2+, V), (2.49)
where yy = 1/2d§NM; yy'= A/2d§QM; N and Q are the number of rows and columns in
the planar array respectively.

The level of the suppressed combination and switching lobes of the directional
pattern of a planar array is: '

gz =2/MY'NQ. . (2.50)

Quite substantial suppression of the lobes due to the discrete change in the phase
can be obtained in arrays with a large number of radiating elements. This makes
it possible in some cases to employ coarser, and consequently, simpler and less .
expensive phase shifters with lower losses. The optimal initial phase distribu-

- tion can be produced either by means of phase shifters with a fixed phase value,

inserted at the output of the power divider, or by means of phase shifters for

an array using a particular change in the phasing algorithm.

2.11. Beam Jumps in a Switched Array

= The main lobe of the directional pattern of an equivalent array without switching
phase errors is oriented precisely in a specified direction, Op;i,. When switch-
ing lobes are present in the immediate vicinity of the main lobe, the maximum of
their sum, i.e., the maximum of the array directional pattern, is slightly
shifted relative to the direction 8p,4,. This shift, which is due to the switch-
ing phase errors, determines the error in setting the array beam in a specified
direction, The error depends on the level of the switched beams, and consequently,
on the discrete phase change step, A. Moreover, the position of the initial phase
‘readout has an impact on the precision in setting the beam. Thus, if one of the
end radiators of a linear array is chosen as the initial coordinate point, the
beam steering precision proves to be four times higher than the precision with
phase readout from the center of the array. '

Beam steering precision is directly related to its jump-like motion, which is due
to the discrete change in the phase. The average value of a jump change, when
the readout origin is positioned in the center of the array, is:

80 = 20,5 A/2N. (2.51)
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It is also necessary to note that with the same beam travel speed, the switching
frequency of the end phase shifters will be different, depending on the position
of the phase readout origin. This must be taken into account when assessing the
operational speed of a phase shifter.

2.12. Design Procedure

The directional gain or directional pattern width, the scan sector, the sidelobe
level and the beam steering precision are usually specified.

The specified sidelobe level and the requisite beam steering precision govern the
discrete phase change step, i.e., the number of phase shifter positions and the
amplitude distribution in an array.

The antenna dimensions are determined from the specified values of the directional
gain or directional pattern width, the selected amplitude distribution, as well

as the scan sector using the formulas of Table 2.1, as well as formulas (2.8) and
(2.9). The spacing tetween the radiators and the number of phase shifters is
found based on the specified scan sector by means of formulas (2.3) - (2.6).

It is expedient when determining the number of positions of the discretely switched
phase shifters with respect to the maximum level of the sidelobes to represent

the specified sidelobe level in the form of the sum of two terms, one of which

is taken as the maximum switching lobe level, while the other is taken as the
antenna sidelobe level without switching phase errors. Then one can determine

A from the value of the first term of formulas (2.47) and (2.50) and the nature

of the amplitude distribution in the array in accordance with the data of Table
2.1, based on the value of the second term.

The maximum level of the switching lobes is chosen so that the number of requisite
positions of the phase shifter, 2n/4, is the least. This makes it possible to

use phase shifters of the simplest structural designs. On the other hand, one
cannot choose a second term which is too srall, i.e., the level of the sidelobes
of an ideal antenna, since this necessitates the use of amplitude distributions
which fall off sharply towards the edges, something which leads to the necessity
of increasing array dimensions to assure the specified directional pattern width
or specified directional gain. A compromise solution is found, depending on the
specific requirements based on the antenna array in each case.

Then the scheme is chosen for the energy distribution and the configuration of
the phase shifters, the type of phase shifters, radiators, coupling elements, etc.
-and these assemblies are designed; the directional pattern is calculated and

then the structural design is worked out.
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3. FREQUENCY SCANNING ANTENNAS*

3.1. Fundamental Relationships for a Frequency Scanning Linear Radiator Array
[07, 010, 1, 2]

Frequency control of an antenna beam is one of the techniques of electrical
control and is based on changing the electrical spacing between radiators excited

- by a traveling wave with a change in the generator frequency. With this beam
steering technique, a generator which is electrically tuned in a wide range of
frequencies is needed to scan space in a rather large sector.

In microwave antennas with frequency beam control, the radiators are, as a rule,
positioned directly in the exciting system. Linear arrays of radiators formed

by slits cut in one of the walls of a rectangular waveguide are shown in Figure 3.1.
A two-dimensional array of radiators is needed to obtain a controlled narrow direc-
tional pattern. Such an array can be created from linear arrays, arranged in a
definite manner on a specified surface. Some of the possible variants of such
antennas are shown in Figure 3.2,

Figure 3.1. Slitted waveguide
radiator arrays.

Key: 1. Direction of
excitation;
2. Matching load.

89

Herpatirowve Gosdywoenn  Gonvegraen ramgsre (2)
(a) % ) o

In antennas which take the form of linear radiator arrays, the excitation is most
often accomplished using series or parallel configurations (Figure 3.3). The
direction of radiation of 4 linear array with an equally spaced arrangement of the
radiators is determined by the equation:

sin 0 = yly/d — pA/d, 1

where 6 is the beam deflection angle from the normal to the axis of the array of
radiators; y =-c/v is the phase velpcity retardation in the chaanelizing system
exciting the radiators; ¢ = 3 - 108 m/sec; A is the generator wavelength; p = n +
+ /27, n =0, +1, +2, ... is the beam number; o}isvthe'fixedlphasnghift'between
adjacent radiators, due to-,the insertion of the supplemental phase shifters

* .
Questions of frequency scanning antenna design and theory were most completely
treated for the first time by L.N. Deryugin [010].
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(Figure 3.3c); I4 is the geometric difference in the lengthsof the channelizing
systems of two adjacent radiators; d 1is the spacing between the radiators; t
the period of the retarding interaction system.

lla/aoalr WUE
G030y MaeNUR $

2(a)’ , 0 (b) (c) &(d)

Figure 3.2. Antennas formed by linear two-dimensional arrays of
radiators.

‘ Key: a. Planar; b. Arranged on a cylindrical surface;

c. Planar "fan-shaped"; d. Arranged on a conical
surface.

1. Beam direction;
2, Direction of excitation.

’B/g;m ' f%am 3 / PJ/K’?’?

(a)o') lﬂb) ' & (c)

Figure 3.3. The excitation of a linear radiator array.

Key: a. Using a parallel configuration;
b. Using a series configuration;
c. With a periodic retarding interaction system.

When. the generator frequency changes, because of the dependence of y and A/d on
the frequency f, the radiation angle changes and the antenna beam moves in space
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b4 The angular frequency sensitivity of
the antenna is the tewm for the rate

of change in the antenna beam position
in space with a change in the frequency
(the wavelength):

s
ik

i _ -
workir%; A= A coso (_74 Vrp +sin 6). ’
l“‘working‘ (3.2)

%

Figure 3.4. The dispersion
characteristic y(1) of
a periodic interaction
system.

where yrp = [ygr] = c/vgr is the retard-
ation of the group velocity of the wave
propagating in the channelizing system;
the coefficient of 0.573 is introduced
when converting the angular frequency
sensitivity from dimensionless units to
degrees for the percentage change in
frequency.

If follows from expression (3.2) that the angular frequency sensitivity depends
on the beam direction, the dispersion properties of the system and the ratio Z4/d.
The greater 6 and (Zd/d)ygr, the greater the angular frequency sensitivity.

The retarding of the group and phase velocities are related by the expression:

. oy = Y =1y — Myl (3.3)

If the dispersion characteristic of the channelizing system is known, y = y(A) ,
(Figure 3.4), then ygr is determined graphically by the segment on the ordinate .
axis, intercepted by the tangent to the curve y{(1), run through the. point corres-
. ponding to the value of y in the system. :

The slow-down in the group velocity ygr is also related to the power P flowing
through the system and the per unit length electromagnetic cnergy W accumulated
in the system: :

Ygr = cW/P C . - (3.4)

where P = vgrW.

To improve the angular frequency senmsitivity of an antenna, it is necessary to
employ channelizing systems with a large value of Ygr» something which in turm can
be achieved by increasing the ratio W/P.
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The ultimate value of the power flowing along the channelizing system is:

P = =W e /Ygr = Pupex= WapegUrp = Wopoa/Teps (3.5)

ult. wult.vgr

where Wylt. is the ultimate value of the per unit length electromagnetic energy
of the system, which is limited by the effective cross-section of the system and
the electrical strength.

Expression (3.5) makes it possible to establish the relationship of the power
Pylt. to the angular frequency sensitivity A, since both of these quantities
depend on ygr, and to draw the conclusion that with an increase in A, the ulti-
mate power always falls off. For a specified value of A, the increase in the
ultimate power for any system can be achieved only by increasing Wult. However,
it must be stipulated that in a number of cases, the ultimate which can be passed
is limited by the electrical strength of the radiators.

The thermal losses in the walls of the channelizing system are due to the attenu-
ation of the wave propagating in it. The attenuation coefficient is:

a=P  [2p= &= Py/2P, (3.6)
088

where P1ogg is the power of the losses per unit length of the system.

The attenuation in the channelizing system at the distance of a wavelength taking
expression (3.5) into account, is defined as:

k= pepn/Q, | (3.7
where Q = wW/P is the quality factor of the channelizing system (0 = 27f). -

For retardive periodic structure type channelizing systems with a period of t,
the Q does not exceed Qmax = t/8 (8 is the depth of field penetration into the
metal). In actual structures, Q = 0.3Qmax, which makes it possible to estimate
the anticipated losses in a system.

It is also not difficult to draw the conclusion from expressions (3.2) and (3.7
that an increase in the angular frequency sensitivity is always accompanied by a
rise in the system losses. The presence of losses in a channelizing system places
a limitation on the length of a radiator array, since with an increase in the
length, its efficiency falls off, which in turn limits the generation of narrow
directional patterns by an array of radiators.

The directional pattern width and the efficiency also depend on the distribution
of the power radiated along the array. The exponential distribution has become
widespread in practice (each element of the array radiates an identical fraction
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of the traveling wave power fed to it), as well as a uniform distribution (each
element radiates the same power) and other special kinds of distributions (for
example, symmetrical relative to the array center and falling off towards it edges).

In the case of uniform distribution, the efficiency of a radiator array is governed
by an expression which is justified whemn a) << 1 (which is usually observed in
practice):

_ ' Py 2al,
R —[QXP (—2aL)—T] 1 —exp (—2aL) _' (3.8)

where Pg is the power at the antenna input; P is the power at the end of the
antenna; L is the antenna length.

The half power level directional pattern width for the case of radiation close to
the normal to the axis of the array is determined from the formula:

[degrees] = 50.7A/L

290.5 290,5 [rpaz]l = 50,7A/L. (3.9)

Taking -expressions (3.8) and (3.9) into account, we derive the relationship
between 260 5, o and naj:

R~
= —17 2 )k 0.5
Na [exp( 11, 200‘5) Po] . (3.10)

I—exp (—-Il,? 2:}' )
: 0.5 T

In the case of an exponential distribution:

P 2aL
m=(l— "o)(l+ '"("L/Po))' (3.11)

The directional patttern width depends on the relative power getting through to
the end of the antenna. When PL/Pg = 0.05 (the aperture utilization coefficient
is 0.83 in this case):
260 5 [degrees] = 54.4\/L (3.12)
200, [rpanl = 54,4M/L.

Taking expressions (3.11) and (3.12) into account, we obtain the following when
PL/Pg = 0.05: : - -
na = 0,95 (1 — 4,17aA/20, ;). (3.13)

- 65 -~

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0

FOR OFFICIAL USE ONLY

(3.13)

When determining directional pattern width using formulas (3.9) and (3.12), the
quantities A and L have identical units of measurement.

=

111 L1 sl | |
80005 Q90 - qao5 497 G905 47 @R b
) W 4 ZIM,W dB/deg

_Figure '3.5. The antenna efficiency as a function of the
ratio of attenuation times wavelength to the
directional pattern width.

Curves for na(ar/28¢.5), plotted using formulas (3.10) and (3.13), are shown in
Figure 3.5. Curves 1 and 2 were obtained for radiator arrays with a uniform
distribution where PL/Pg = 0.05 and Pp/Pp = O respectively. Curve 3 was plotted
for an expcnential distribution where PL/Pg = 0.05. As follows from the graph,

an array with an exponential distribution has a higher efficiency: from 0.9 to 0.4.
Moreover, such an array permits switching the direction of excitation, something
which makes it possible to increase the beam steering sector with the same fre-
quency change and efficiency.

The working sector of space scanned by the beam of a radiator array can fall only
within the bounds of the transmittance .:ctor of the periodic structure used as
the channelizing system (Figure 3.3c). All periodic structures used in frequency
controlled antennas are baadpass filters, having frequency transmittance bands, to
which the angular transmittance sectors correspond. The width and orientation of
these sectors depend on the type of periodic structure, the specific features of
the radiators and the number of cells in the interaction structure between the
radiators. '

As follows from expression (3.1), the beam direction for a radiator array in
space depends on the supplemental fixed phase shift ¢ in the exciter unit between
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the adjacent radiators. Phase shifts of the same angle when making the transition
to each subsequent radiator are accomplished by fixed phase shifters. For example,
in the form of line sections of equal length running to the radiators (see Figure
3.3a). An additional phase shift 7 can be realized rather simply. For example,
when a rectangular Hjg mode waveguide is used as the channelizing system, a phase
shift of w can be obtained by using radiating slots, which are coupled in an alter-
nating phase fashion to the waveguide field.

The shape of the main lobe of the directional pattern changes when the beam moves
in space. As it approaches the axis of the array, the main lobe widens and becomes
asymmetrical with respect to the direction 6. The change in the width of the main
lobe will be small when scanning in an angular sector close to a normal to the

axis of the array and increases sharply as it approaches the axis of the array. It
is theoretically possible, but difficult in practice to preserve a constant width
of the main lobe during wide angle scanning.

The half power level width of the main lobe, taking its asymmetry into account, for
an array of length L >> A, with a uniform distribution of the radiated power, can
be estimated from the expression:

20,5 = arcsin (0,443M/L - sin 8) + arcsin (0,443ML — sin 6). (3.14)

In the case of axial radiation, the width of the main lobe proves to be 2. 14/L7X
times greater than the width of the main lobe in the case of radiation along a
normal. .

The change in the width of the main lobe during its travel can be explained by the
change in the effective length*, Leff, of an array of radiators and the amplitude
distribution along it. In a first approximation, for angles of 6 < 70-75 degrees
(depending the length of the array L), Leff can be determined as the projection
of the array length L onto a direction perpendicular to the main lobe of the
diredtional pattern:

1.eff = L cosb (3.15)

When L/A > 10, this assumption is quite well justified. Thus, the error in the
determination of Leff using formula (3.14) when L/A = 10 and 6 = 70 degrees amounts
to about 1.5 percent with respect to the value of Leff determined from a more
rigorous formula (see [07, p. 354]). 1In some cases, the scan sector can be limited
by the permissible widening of the main lobe.

*
The effective length is understood to be the length of a uniform in-phase linear
array which yields a directional pattern at the half-power level of the same width
as the array under consideration.
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An integral part of a frequency scanning antenna is a frequencyitunable generator.
The precision in determining the beam position in space depends on the stability
and precision in setting the generator frequency. There are centimeter and deci-
meter band generators at the present time, which can be electrically tuned in a
rather wide range of frequencies (from +10 percent up to an octave). The frequency
tuning range of a generator depends to a considerable extent on its power and work-
ing frequency. Correspondingly, there are also wideband amplifiers which can be
used in the receiving equipment.

In a number of cases, one can use exciters to excite an antenna which are designed
in a complex circuit configuration and contain a comparatively low :power gemerator
with a wide frequency tuning range and broadband power amplifiers. When the re-

. quisite range of working frequencies is wider than the passband of a single ampli-
fier, several amplifiers are employed; in this case, each of them operate in a
band of working frequencies setoaside for it. Such an approach can be used where
it is necessary to change the beam direction in space while preserving its scanning
sector.

However, when designing a frequency scanning antenna, one must remember that the
use of a wide band of frequencies requires the use of radiators, transition and
decoupling elements, etc., having a wide passband and possessing a low attenuation
in this band. Otherwise, considerable changes may be observed in the power radi~ -
ated by the antenna and the shape of the directional pattern when the frequency
changes.
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3.2. Channelizing Systems of Frequency Scanning Antennas [010]

In the structural designs of centimeter band frequency scanning antennas, the

- radiators, as a rule, are placed directly in the exciting channelizing systems
(for example, a linear array of slotted radiators, with the slits cut in one of
the walls of a rectangular waveguide), which can be designed around waveguides,
coaxial lines, etc. The electrical properties of these channelizing systems are
evaluated by the slow-down in the phase wvelocity Yy , the dispersion characteristic
v = y(}) and the attenuation factor a.

The major requirements placed on channelizing systems are as follows:

1. The retardation of the phase velocity vy should not be large, since with an
increase in vy, the losses in the channelizing system increase, and greater
accuracy is required in the manufacture of the system. The latter is related to
the fact that minor relative changes can lead to the disruption of normal antenna
operation in a number of cases.

2. The attenuation factor o should be as low as possible, since the antenna effici-
ency depends on its value, as well as the possible directional pattern width (for
a specified efficiency).

3. The channelizing system should allow for the arrangement of radiators at a
spacing of d = A/2 in an axial direction to avoid a multlple lobed directional
pattern when the main lobe is deflected towards the axls of the array.

4, In a two-dimensional array, the transverse dinensions of the channe1121ng system
should be such that the spacing betwcen the radiators of adjacent linear arrays
does not exceed . Otherwise, the directional pattern will have multiple lobes.

5. The éhannelizing system should have as small a size and weight as possible.
This is especially important for aircraft antennas.

Waveguide Channelizing Systems (Figure 3.6).

H1p Mode Rectangular Waveguide. The retardation y falls in a range of from O to 1.
In practice, y = 0.36--0.86. The angular frequency sensitivity of the waveguide is
low and fluctuates on the average from tenths to units of degrees per percent
change in frequency. The attenuation factor in the 3 cm band amounts to about 0.5
dB/m, which with an efficiency of ny = 90 percent makes it possible to obtain a
directional pattern width of about 1°.

Rectangular Waveguide Partially Filled with a Dielectric. The retardation y can be
regulatéd by changing the thickness of the dielectric and its dielectric permitti-
vity e. The slowdown usually falls in a range of 0.7 to 1.5. The attenuation
factor is several times greater than for a regular waveguide (a is about 1.2 dB/m
in the 3 cm band), and depends on the loss angle of the dielectric and its thick-
ness h. A drawback to the system is the requirement that the dielectric proper-
ties of the dielectric employed be homogeneous.
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Waveguide with a Finned Structure. The retardation is y > 1, and can in practice
be made close to unity and even considerably higher. The system has considerable
dispersion and high angular frequency sensitivity. The attenuation factor in the
3 cm band for small values of v (y = 1--2) is about 2 dB/m. The system has a high
weight as compared to a regular waveguide and requires a high fabrication precision.

Serpent ine Waveguide. The retardation is y > 1 and can be regulated in a consider-
able range by changing the length (L + ALequiv), and in this case, the angular
frequengy sensitivity is also adjusted in a wide range. The attenuation factor in
this system in the 3 cm band is less than in systems with the same angular sensi-
tivity, for example, in waveguide with an internal finned structure) and amounts to
about 0.7 dB/m when y * 2.5. The considerable weight, great length (L + ALequiv)
and fabrication complexity must be numbered among the drawbacks to the system.

Helical Waveguide. The retardation is vy > 1 and is regulated by changing its geo-
metric dimensions. The dispersion of the system is low. The attenuation factor

in the 3 cm band is about 2.5 dB/m when y = 4, A rectangular waveguide H plane
bend is most frequently used, since this makes it possible to reduce the spacing
between radiators.,

Coaxial Channelizing Systems (Figure 3.7).

These are of interest in those cases where systems are needed having a poor dis-
persion and relatively simple control of the retardation. However, considerable
attenuation is inherent in coaxial systems. Only a coaxial line partially filled
with a dielectric (Figure 3.7b) represents an exception. A coaxial line with a
finned structure on the inner conductor (Figure 3.7c¢c) is distinguished from the
remaining systems by the presence of sharply pronounced dispersion properties. The
geometric dimensions of coaxial systems when they are used in the centimer band are
small, which substantially limits the power they can carry.

When using periodic structures as channelizing systems, for example, a waveguide
with a finned structure, a coaxial line with a disk-on-rod structure on the inner
conductor, and serpentine and helical waveguides, one can obtain a high angular
frequency sensitivity for an antenna. However, the considerable losses in such
systems do not make it possible to design an antenna with a high efficiency and a
narrow directional pattern. Moreover, these systems, as a rule, have considerable
weight and are complex to manufacture, which limits the possibilities for their
applications in a number of cases, especially in aircraft antennas.

A rectangular H10 mode waveguide channelizing system has a number of valuable
qualities: low losses, relatively small size and weight, and a well mastered produc-
tion technology. For this reason, linear arrays of radiators excited by this kind
of channelizing system have become widespread in antenna engineering. The maximum
theoretical scan sector of a waveguide antenna with radiators coupled to the wave-
guide field in an alternating phase fashion, without taking into account the fre-
quency properties of the radiators and the elements used to couple to them, rums
from -90° to +14° with a change in the retardation from 0.22 to 0.867 and a ratio

of A\/2a from 0.975 to 0.5. An average angular frequency sensitivity of -1.61° per
percent and a change in the wavelength by a factor of 1.95 times correspond to
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the indicated scan sector. Switching the direction of the traveling wave in such
an antenna makes it possible to cover a scan sector of 180°.

4

®) @

R

©a | h«% T
n e

(d) @

Figure 3.7.

4
- 5 r i‘ )
(a) ! = ;&w Figure 3.6. Waveguide channelizing sy.stem

for frequency scanning

antenna

Key: a.

Rectangular waveguide
with slots, coupled to
the Hjp mode of the
waveguide in an alter-
nating phase fashion;
Rectangular waveguide,
partially filled with
a dielectric;
Rectangular waveguide
with a finned structure
placed in it;
Serpentine rectangular
waveguilde;

. Helical rectangular

waveguide.

Coaxial channelizing systems
for frequency scanning
antennas.

Key: a.
t.
c.

d.

Filled with a dielectric;
With dielectric disks;
With a finned structure
on the inner conductor;
Coaxial line with the
inner conductor made

in the form of a spiral.

We shall give the major relationships and
design procedure for a frequency scanning
slotted waveguide array, in which a regular
rectangular H10 mode waveguide is used as the
channelizing system.
systems are employed, the design procedure will

When other channelizing

be somewhat different, since the expressions
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which characterize the relationship of the dispersion properties of systems to
their geometric dimensions, as a rule, are rather complex. Moreover, the retarda-
tion in these systems is greater than unity, which, it goes without saying, is
reflected in the recommendations for the choice of the antenna radiation zone.

3.3. The Frequency Scanning Slotted Waveguide Array [010, 2]

A slotted waveguide array (VShchR) is shown in Figure 3.1, A regular rectangular
H10 mode waveguide is used as the channelizing system for such an antenna. The
array radiators are slots cut in one of the waveguide walls. This antenna is
excited from one end by a generator, and a matching load is connected to the other
end to provide for antenna operation in a traveling wave mode.

We shall give the major characteristics of a regular waveguide with a H1(Q mode
- (see Figure 3.6a) as well as those which determine their relationship.

1. The phase Vvelocity retardation is:

—VT=G7ay, (3.16)

where A is the generator wavelength in cm; a 1s the cross-sectional dimension of
the waveguide in the H plane in cm. The dispersion characteristic y = y(A/2a) is
shown in Figure 3.8, plotted using formula (3.16). :

2. The grouy velocity delay:

Yor = 1/ ‘ (3.17)

This follows from the well known relationship for a waveguide: vgrv = c2 or
YgrY = 1.

- 3. The ultimate transmitted power is:
[Xw E3
P e [KBT) = pe" ‘/l-—— (3.18)
ultimate
- where b 1is the cross-sectional dimension of the waveguide in the E plane in
cm; Epnen [Eyit] is the ultimately permissible electrical field intensity in the

wavegaide for the specified temperature, pressure and humidity, in KV/em; a and
A are chosen in centimeters.

4, The attenuation factor is:
o [aB/mM}= 793[ ]/,,]/0;L )] _
[dB/m] (3.19)
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Here § is the conductance of the material of the waveguide walls in mhos/m; a, b
and A are chosen in centimeters.

5. The angular frequency sensitivity is:

2 (—Yeptsi n6)—°°—57:(——+sme) (3.20)

In accordance with formula (3.16), the retardation of the phase velocity can vary
from O to 1, and it would seem that the angular frequency sensitivity can be made
‘ as great as desired. However, the range of change in y which can be realized is

) | considerably narrower. This is explained by the fact that when A + Aoy = 2a(y + 0),
the losses increase sharply and the power Pylt falls off. The lower limit of y can
br found, if one assumes that the losses approximately double as compared to a
conventional waveguide. In this case, A = 1.9a or A/2a = 0.95 and yyi, = 0.36.
The upper limit of A is related to the requirement for H20 mode suppression, where
this mode occurs when A = a or A/2a = 0.5. Under these conditions, ympax = 0.867.
Thus, the retardation of the phase velocity vy is limited to values of 0.867 > vy >
> 0.36, while the retardation of the group velocity is limited to 2.77 2 ygr 2 1.15.

The direction of radiation of a linear radiator array excited by a wave traveling

along it is determined in accordance with equation (3.1) when lg = d using the
formula:

sinb=y—nd (3.21)

for radiators coupled in phase to the waveguide field (¢ = 0) and using the formula:

sin 0 =y — (n + 0,5) Md (3.22)
for radiators with alternate phase coupling to the waveguide field (¢ = m).

The beam scanning with a change in frequency will occur by virtue of the change in
vy and A.

The curves for. A/d as a function of y (the solid lines) are shown for convenience
in analyzing and solving equations (3.21) and (3.22) in Figures 3.9 and 3.10 for
various values of the parameter 2a/d, plotted from the relationship derived from
the expression (3.16):

Md=VT—y*2a/d. (3.23)

The grid of lines for A/d is a function of y is also shown in Figure 3.9 for various
values of the beam inclination angle 6 for n = 0 (the dashed lines). The values of
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A/d were calculated for vy = 0.5 and values of the parameter 2a/d, corresponding to
angles & from O to 90° in steps of 5° and the slope of these lines was determined
assuming that © = const., since this function is represented by a straight line
[see (3.22)], to construct the grid of lines. :

In Figures 3.9 and 3.10, the radiation coverage zone for the corresponding numbers
of beams are bounded by lines with different values of =n. In Figure 3.10, a
radiation zone to the left of the line n = 0, running vertically, corresponds to

the beam with the number n = 0. The radiation regions for n = 0 (Figure 3.9) and
n=1, 2 (Figures 3.9 and 3.10) fall below the sloped lines corresponding to each n.

The choice of the spacing between adjacent radiators d, which should be such that
during beam scanning in a specified sector, the possibility of the appearance of
major sidelobes is precluded, is of comsiderable importance in an antenna design.
This condition will be met if the spacing d satisfies the relationship:

1—1/N (3.24)
14]sing* _

A< dyag =)

where N is the number of radiators in the array.

When the condition d = dmax is met, the null of the nearest sidelobe maximum will
coincide with the plane of the array, and consequently, the directional pattern will
have only the main lobe.

A graph of dpax/A is given in Figure 3.11 as
as a function of the scan angle 6 for 10 and 100

7 ) radiators, plotted using formula (3.24). It
follows from the graph that the maximum spacing

48 - between adjacent radiators of an array with
tansverse radiation without beam scanning should

46 : be approximately equal to A. If the beam scans

by \ in a range of +90°, then dmax * A/2.

q2 \ Thus, the condition for the existence of one

' main lobe of the direction pattern of a linear
P array of radiators during scanning requires that

42 G4 46 484/ the spacing between the radiators be less than
X. On the other hand, in order for the direc-
tion of the main lobe to be close to the normal
to the axis of the array, the excitation of the
radiators should be close to in-phase. The
latter is achieved in slotted waveguide arrays
where d = \g (Ap 1s the wavelength in the
waveguide, Ag > A). Alternating phase excita-
tion of adjacent radiators is used to reduce the spacing between the radiators in
slotted waveguide arrays. In this case, d = Ay/2. However, when all of the radia-
tors are spaced at a distance of d = Ag/2 from each other (so that the main lobe is
directed along the novmal to the axis of the array), the waves reflected from all

Figure 3.8. The dispersion
characteristic of
a regular H1g mode
waveguide.
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of the radiators add in phase at the antenna input, something which sharply degrades
its matching (the so-called "normal" effect is observed). In the case of beam
deflection from the normal, values of d other than AB/Z and when the waves re-
flected from the radiators are mutually cancelling to a greater extent, kygwyr »> 1.
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To determine the minimum spacing between radiators, d, which differs from Ag/2
and for which the matching will be good throughout the entire working band of
frequencies, one can employ the expression: ’

d < (1— 1N Ay mun2- (3.25)

To realize antenna radiation along the normal to its plane, it is necessary to
match each slot radiator to the waveguide. The use of matched slots makes it pos-
sible to reduce the normal effect, i.e., avoid the sharp increase in kygyr when
the main lobe direction coincides with the normal to the plane. of the antenna.

A slotted waveguide array with alternatre phase excitation of the radiators can

be designed with longitudinal slots in the wide wall of the waveguide (see Figure
3.1) on different sides of the center line or with the slots inclined in opposite
directions in the narrow wall. The spacing between the slots d depends on the
requisite direction of the main lobe of the directional pattern, 6, and the scan
sector. When choosing the spacing, one can get a rough idea from expression (3.24).
In actual antenna designs, d/A is usually 0.3 to 0.7.

An analysis of equation (3.22) (see Figure 3.9) shows that when y = 0.36--0.867
and when A/d > 1, equation (3.22) makes sense only when n = 0, i.e., when the
antenna operates with a null beam (n = 0), in which case, the beam was scanned
primarily in the region of negative angles 6 when the frequency changes (see
Figure 3.3c¢). :

3.4, The Design Procedure for a Frequency Scanning Linear. Slotted Waveguide Array

It is assumed in the design procedure cited here that the retardation of the phase
velocity in an excited waveguide slot is equal to the retardation in a regular
waveguide in which there are no radiators. In an actual slotted waveguide array,
because of the internal and external mutual coupling of the radiators, the retarda-
tion in the waveguide will differ somewhat from y. In this case, the deviation in
the delay from y depends on the number of radiators, the spacing between them, and
- on the degree of their coupling to the waveguide field, etc.

- Accounting for the influence of radiator mutual coupling on the operation of a
slotted waveguide array is complicated and requires long and labor intensive calcu-
lations (see Chapter 6). Because of this, it is expedient in an dpproximate engin-
eering calculation to neglect the mutual coupling of the radiators,  assuming that
the retardation is constant and equal to y. In a number of practical problems,
one can be limited to just such a design. However, when designing a pencil beam
(260.5 <& 1°) slotted waveguide array with high precision in the determination of
its parameters and characteristics, following the preliminary approximate design of

. the antenna, a repeat design calculation is to be performed, using a more precisely
specified value of the delay in the exciting waveguide slot, taking the mutual
coupling of the radiators into account.
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The design of a frequency scanning slotted wavegulde array consists in determining
the parameters of the waveguide which exc¢ite the slot radiators, as well as the
spacing between the radiators, d, taking the beam scanning in the specified angu-
lar sector into account and the design of the radiators and their coupling to the
waveguide to assure the requisite distribution of the radiated power along the
array and then the calculation of the array directional pattern.

A specific feature of the determination of the waveguide parameters and the spacing
d 1is the fact that the waveguide parameters y and d for a specified scan sector
A0 and working: wavelength A are related together by a single equation (3.21) or
(3.22). TFor this reason, to find one of the desired quantities, it is necessary
to specify beforehand the remaining quantities incorporated in this equation. For
example, in order to determine y, the values of 8 and d must be specified. By
changing the values of 6 and d, one can obtain several variants of the possible
waveguide excitation system, and then choose that one of them which makes it pos- -
sible to best satisfy the main requirements of the technical specifications (for
example, minimal frequency variation during scanning, low attenuation factor in
the waveguide, high angular frequency sensitivity of the array).

We shall introduce the following symbols: P 1is the power radiated by the antenna
in KW; Apin, Mep [Aavg] and Amax are the minimum, average and maximum wavelengths
of the generator respectively, in cm: ‘
A oMmax—hmin  nnor
= @ ~max min 100%
Acp Amax+Amin

is the relative change in the generator wavelength, in percent; 8pin, 8¢p [8avg]
and Opax are the direction of the main lobe of the directional pattern for Apjyn,
Aavg and Apgx respectively, in degrees; 20,5 is the width of the main lobe of
the directional pattern at the half power level when A = Aayg, in degrees.

Equation (3.22) at the limits of the scan sector, which is bounded by the angles
Omax and 6pin, has the form:

$in9yax = Ymin—0,5Anax/d:
sinOpygy = ?max"‘o:s}"mln/d- - (3.27)

(3.26)

Different variants of the problem can be encountered in design work., We shall
cite a few of them.

Variant 1: P, Agyg, b\ /Xavg, 2080,5 and Bayg are specified. Determine the possible
scan sector:Af.

Variant 2: P, Aavg> Aklxavg, 200,5 and A6 are specified. Determine the possible
beam direction Bavg-

Variant 3: P, Aayg, BA/Agyp and 28(, 5 are specified. Determine the beam direction
8avg for which the scan sector A8 will be the greatest.
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Variant 4: P, Aavgs 28(,5, 85y and A8 are specified. Assure the specified scan
sector with as small as possible a relative change in the wavelength M/)‘avg-

In doing the design calculations for any variant, it is recommended that one use
the graphs of Figures 3.9--3.11 and the materials given in §3.1--3.3.

We shall consider an example of a procedure for the approximate design calculations
in the case where P, Aayg, AA/Aavg‘, favg and 20,5 are specified and it is neces-
sary to determine the possible scan sector A8.

1. We choose the type of radiators and the number of the working beam. Taking into
account the considerations presented in §3.3, we choose slots with alternating
phase coupling to the waveguide field as the radiators of the antenna array, and a
beam number of n = 0,

2. By using the curves of Figures 3.9 and 3.12, we roughly calculaté the possible
beam directions 8ayg. Working from the specified values of Aayg and A)\/Aavg, we
find the wavelengths Apayx and Apin. We start the calculation with the choice of
the value of vayg corresponding to Aaye. Considering the fact that the angular
frequency sensitivity A (3.20) is larger for smaller values of vy, it is desirable
to choose ygye less than 0.5, however, it must be remembered in this case that with
a change in t%e frequency Ypin can prove to be less than 0.36 and the losses will
rise in the waveguide. For this reason, it is not expedient to choose ypin close
to 0.36. Using the graphs of Figure 3.12, we approximate ygyg for Ag > 1 to
obtain the requisite beam direction 8,,,. Based on the curves of Figure 3.9, we
find the value of 2a/d for the known elues of Yavg and Bayg; The value of 2a/d is
a structural design parameter for the antenna being planned, and consequently, will
stay constant during frequency scanning. We then determine ymax and ymin, prelim-
inarily determining the waveguide dimension a corresponding to yayg. To deter-
&° ' . mine a and the slow-down factors ypax and

Ymin, one can use formula (3.16) or the graphs

- |
7 \\E\\ n=0 ': of vy = y(\/2a) shown in Figure 3.8.
'50'—\‘1\\\\4,% ! To determine the angles 8pay and 8pjip, we find

- L \t\\\?/’ : the intersection points in the graphs of
RS SNe ~ Figure 3.9 of the vertical lines corresponding
Y R e N N to ymin and Ygax with the line:for A/d = A/d(y)

, < - _ ‘max
al ™~ [~ when 2a/d = const. (the value of the parameter

g 2a/d has already been found). If the inter-
Figurﬁsgwfzé a‘;hiﬁsZ:nq:ﬁZ{e}’e section point lies above the line n = 0, then
oo as a function of y such an operating mode is not feasible and the
for £ixed values calculation is to be repeated, spe¢ifying
of A/d when the another value of Yaye. It is usually desir-
N erates able to obtain the greatest scan sector A8
an ;.nna :ﬁ)l b for the specified relative change in the wave-
with a n eam. length 6\/A,,,. Therefore, one may specify
two to three values of ygyg in the calcula-
tions and find the maximum possible sector.
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Considering the approximate nature of the performed calculations, related to the
error in the determination of the design values from the graphs, we shall further
- specify these quantities precisely (paragraphs 3-6).

3. We specify the spacing between the radiators more precisely for the specified
value of Yavg based on equation (3.22):

4= 0,5Mp/(op—sin Ogy).

Here, one must check to see that the condition d < dpax 1s met when A = Apin
[see (3.24)] to aWoid the appearance of major sidelobes.

4, We determine the size of the wide wall of the waheguide more precisely from
the formula (3.16):

a=A,/2V 1 —7%.
5. We determine:

Ymin = Vl - (xmax/2a)" Ymax = 1f1 "‘("’mln/2a)1'
6. From equations (3.26) and (3.27), we find:

Opax= arcsin (l?mlll—o’szfx;la‘x]d)»
0p1, = arcsin (Ygax — 0,5h 10/ d).

7. We determine the possible scanning sector:
40 = Obmax - bmin.

8. We find the angulér frequency sensitivity at the average wavelength:

) | A=-2-'ﬂ—(—— ! +sin90p).

cos ecp ?Cp

9. Using formula (3.22), we calculate the function 6 = 6(A) in the working band
and plot the graph.

10. We select the wavéguide dimension.: b, being governed by considerations of
electrical strength, the essence of higher modes and the possibility of cutting
slots of widths 1lglot = AangZ.

11. We determine the ultimate transmission power P 1, from formula (3.18).
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12. We choose the material for the waveguide walls and find the attenuation
factor a from formula (3.19).

We select the distribution for the radiated power along the array of radiators,
working from the requirements placed on the directional pattern and the gain of

the slotted waveguide array. We determine the length of the antenna array Lp, its
efficiency na, and the number of radiators in the array N. 1In the case where the
simplest distributions are selected for the radiated power (uniform or exponential),
the quantities Ly, ny and N can be determined as indicated in paragraphs 13--15.

13. We select a uniform or exponential distribution for the radiated power along
the array, and working from the specified width of the main lobe, 26,5, we find
the approximate length of the antenna array from formula (3.15):

L, = Leff/coseavg

Legf is determined form formula (3.9) or (3.12) assuming that L'= Legf when
= Aavg- -

We shall determine Lp more precisely, checking to see that the condition

20 5 = 26g 5 1is met, where 20() 5 is the width of the main lobe determined from
formula (3.14). ‘ -

14. We determine the efficiency of the slotted waveguide array using formula (3.8)
or (3.11) at the boundaries of the working frequency band.

15. We find the number of radiators in the antenna array:

N = LA/d+l

16% we choose the dimensions of the slotted radiators and their arrangement in the
waveguide wall, taking into account the selected distribution for the radiated
power along the array of radiators. o :

17. We calculate the directional pattern when A = Apin, Mavg and Apax. We deter-
mine the coformity of the width of the main directional pattern lobe to the re-
quisite width and the change in it during scanning.

18. We find the directional gain of the antenna array.

19. We draw the electrical schematic of the slotted waveguide array.

*
Points 16 through 18 are performed using the procedure set forth in Chapter 5.
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20. We design the feeder channel coupling the transmitter to the slotted waveguide
aray. ’

- The structural design of the slotted waveguide array is accomplished taking its
application into account.

The procedure is basically retained when doing the design calculations for variants
2-4; only paragraph 2 changes.

For variant 2, the rough calculation (paragraph 2) to determine the beam direction
Bavg> for which the requisite scan sector A8 can be obtained, is carried out by
means of thegraphsof Figure 3.9. Since the angular frequency sensitivity is
greater at small values of y, then by specifying ypin close to 0.36, we determine
Ymax by the method indicated in paragraph 2. Drawing two vertical lines correspond-
ing to the values of ypin and ypax and a horizontal line for A/d = 1, we obtain a
region in the graph for the choice of 8ayg in which the requisite scanning sector
can be obtained. The calculation reduces to the determination the spacing between
the radiators, d, which assures the requisite A6 for the selected values of ypax
and Ypin. By using the curves A\/d(y) when 2a/A = const., we find a curve on the
graph in the resulting regions, which when we move along the curve from Yma§ to

Ym we obtain the requisite value of A8. Then, having determined Yavg =
= 31 - (A;Za) , we find eavg-

For variant 3, the approximate calculations are performed in a manner similar to
the calculations for variant 2, with the difference that 85y; is determined for
which A6 will be a maximum.

For variant 4, the rough calculation reduces to obtaining the specified scan sector
A8 with a small a change as possible in the wavelength, i.e., it is desirable that
AX/Aavg be small. For this purpose, we find the region of slow-down factors from
the graph of Figure 3.12 for which one can obtain the specified directtion 8ayg. We
select two to three values of Yayg corresponding to O4yg. Based on the specified
values of A8 and Ogyg, we find the limits of the scan sector 6max and Opin. For
each of the selected values of Yayg, we perform the following calculations. Based
on Yayg and Agyg, we find the waveguide dimension a and determine the parameter
2a/\A. Then using the graphs of Figure 3.9, to determine the values of ypi, and
Ymax corresponding to the intersectidn points of the straight lines 6 = 8, = const.
and 0 = 8pin = const., with the curve (A/d)(y) for the found value of 2a/d. The
wavelengths Apax and Apin are determined from the formulas:

Mnax = 2a V l—%hin, Appp= 2(1V1 — Yinex,

while the range of change in the wavelengths is found using the formula AA = Apax -
- Apin- By repeating the same calculation for other values of y,yp also, we will
find new values of AA. As a result of the calculations, we determine the value of
Yavg corresponding to the least change in A\, which provides for the requisite
sector Af8.
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In doing the design calculations for variant 4, it can turn out that a considerable
. scan sector A8 is required (for example, A8 > 30°). In this case, to reduce the
requisite value of AA/Agyg during scanning, a system of parallel waveguides can be
used which have different spacings between the radiators. Each waveguide, with the
same change in AX/ Aavg will provide for scanning in the corresponding sector, while
the sum of these sectors should be equal to the total sector. The structural °
design of such an antenna will be more complex; it should consist of several wave-
guides, switched when making the transition from one scan sector to another. The
design procedure for such an antenna is somewhat different than for a single
slotted waveguide array, however, one can employ the procedure already considered
in the design calculations for each waveguide. Breaking the total scan sector down
into component parts and determining the number of requisite waveguides can be
accomplished by using the grdphs of Figure 3.9, as well as the book [010].
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4. HIGHLY DIRECTIONAL CYLINDRICAL AND ARC ANTENNA ARRAYS
4.1. General Information

Cylindrical antenna arrays take the form of a system of radiators arranged on a
cylindrical surface. A special case of cylindrical arrays is arc and ring antenna
arrays, the radiators in which are arranged along an arc or circle of a particular
radius.

Wire and slotted dipoles, open waveguide ends and horns, helical and dielectric
rod antennas as well as director radiators can be used as the radiators in cylin-
drical arrays. The choice of the type of radiator depends on the working wave-
length and the requisite passband, on the operational conditions and functionm,

as well as on the structural design requirements placed on the array as a whole.
In the centimeter band, the most convenient type of radiator for cylindrical
arrays is so-called diffraction type radiators, which take the form of openings
cut directly in the metal surface of a cylinder: a half-wave slot, an open wave-
guide end or a small horn, '

A merit of such radiators is also the fact that they almost do not disrupt the
aerodynamic properties of the cylindrical surface, something which is especially
important when they are placed in aircraft. One of the important properties of
pencil beam cylindrical arrays is the capability of electrical control of the beam
position in a wide sector of space without changing its width and shape. For
example, ring aitenna arrays make it possible to have undistorted electrical
beam scanning in the azimuthal plane. Cylindrical antenna arrays, as compared
to linear ones, possess yet a series of useful properties. Numbered among them
are a lower level of sidelobes (which are due to the discrete nature of the
radiator arrangement and switching phase errors in the case of switched beam
scanning), the possibility of expanding the working bandwidth, etc.

However, cylindrical antenna arrays also have a number of drawbacks as compared
to linear and planar arrays, the chief of which is the increased complexity of
the structural design of the antenna and its beam control system,

The Major Requirements Placed onCylindrical Scanning Arrays. The main parameters

of cylindrical antenna arrays are determined by working from their function,
installation site and operating conditions. For pencil beam cylindrical scanning
arrays, the main parameters specified during the design work are: the directional
pattern width, level of the sidelobes, directional gain, scan sector and beam
scanning rate, bandwidth properties, polarization of the radiated field, maximum
radiated power, efficiency, reliability, climatic operating conditions and cost.

The optimal configuration for the cylindrical array and type of radiator should
be selected during the planning process, the array dimensions should be determined
(radius, length, angular sector) as well as the amplitude-phase distribution of
the current in the radiators and the law governing the current change during
scanning should be found, the directional pattern of the array calculated along
with its directional gain, overall gain, bandwidth properties; the method of
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scanning is determined and a device is chosen to realize the scanning, and the
structural design of the antenna array is worked out as a whole.

Structural Configurations of Cylindrical Arrays. Cylindrical antenna arrays can
be broken down into three groups according to the method of microwave energy
distribution among the individual radiators: arrays with series and parallel
excitation, and arrays with a mixed feed circuit. Moreover, the array configura-
tions in each of these groups can differ according to the method of energizing
the phase shifters.

We shall treat the main features of the indicated circuit configurations using
the example of ring and arc arrays [04, 09, 013, 1, 2]. A ring array with a
parallel circuit for energy distribution between the radiators is shown in Figure
4.,la, A merit of this circuit is the fact that the antenna beam direction is
only a slight function of the frequency and there is the possibility of control-
ling the amplitude distribution in the array by means of switching the inputs of
the feeder lines in a switcher (S). A drawback to the parallel excitation
configuration is the cumbersome feed system for energy distribution.

The variant of a ring array with spatial excitation (Figure 4.1b) is free of this
deficiency. The operational principle of such an array consists in the following.
The energy from the feed radiator is fed via a radial line to the receiving
radiators, and then to the phase shifters and is radiated by the ring array in
the requisite direction. The control of the antenna beam is accomplished within
small sectors by means of phase shifters. In the case of wide angle scanning,

it is necessary to change the amplitude distribution over the ring array, for
example, by means of rotating the feed radiator or installing several feed
radiators and switching them in turn.

One of the circuits for a series excited ring array is shown in Figure 4.lc. A

. merit of the circuit is the simplicity, as well as the fact that the volume
inside the array remains free and can be occupied by other devices, something
which is especially important when placing a ring array on the surface of an
aircraft. However, arc arrays, designed in a series excitation configuration,
also have a number of drawbacks, the main ones of which are the fact that the
array beam direction is a function of frequency and it is difficult to control
the amplitude distribution in the case of wide angle scanning.

A ring array formed from several arc arrays with a mixed circuit configuration for
power distribution among the radiators is free of this latter drawback (Figure
4.1d). The use of mixed excitation makes it possible, on one hand, to preserve
the advantages of parallel excited ring arrays, and on the other, to simplify the
energy distribution system, especially for arrays with a large electrical radius.

The most promising structural configurations for cylindrical arrays are the mixed
(Figure 4.2) and those with spatial excitation. The major properties of these
cylindrical array configurations are the same as for the corresponding ring arrays.

When selecting the circuit configuration for the phase shifters, it is expedient
to be governed by the following considerations. In the case of a series confi-
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Figure 4.1. Structural configurations of ring antenna arrays.

Key: 1. From the generator.

Figure 4.2. The structural configuration of a cylindrical antenna
: array.

guration of the phase shifters, the maximum carrying capacity and the efficiency
are reduced, the dependence of the antenna directional pattern on the phase
setting errors is increased and the bandwidth properties of the antenna are
degraded. For this reason, the series configuration of the phase shifters is

used rather rarely, primarily in linear antenna arrays, where such a circuit makes
it possible to simplify the controller for the phase shifters. In cylindrical
arrays, a series phase shifter circuit can be used in those portions of the feed-
line which are arranged along the generatrix of the cylindrical surface, since
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this makes it possible to simplify the beam control umit in planes running
- through the axis of the cylindrical array. In the remaining cases, parallel
phase shifter configurations are to be employed.

4.2. The Phase Distribution in Highly Directional Cylindrical Arrays

The amplitude distribution in cylindrical pencil beam arrays exerts a substantial
influence on the shape of the directional pattern and is chosen depending on

the requirements placed on the directional gain, the level of sidelobes and the
bandwidth properties of the array. This question is treated in more detail in
the following sections.

The phase distribution in cylindrical arrays is chosen by working from the

= requirement for, beam formation in a specified direction. 1In this case, the phase
distribution in the radiators placed on the surface of a cylinder is usually
chosen so that the fields radiated by each radiator add together in phase in the
direction 64, ¢y for highly directional arrays when generating a beam in the
direction 8p, 2g.

We shall number the radiators of a cylin-
drical array with a double subscript, mn.

Windp) In this case, the phase center* of the
'//'1 00-th radiator has cylindrical coordinates

S of z =0 anda = 0, while for the mn-th

7 radiator, it has coordinates of z = zj

t and a = o, (Figure 4,3). The requisite
phase distribution in this case omn(eo,
¢g) of the current in the mn-th radiator

1y of the cylindrical array has the onrm:
\\\"\,; d)m,. (0o, o) == ~—[xa sin 6 cos (Po— &p) + K2y, cOS 0 4 2R}, 4.1)
L W/, 9 . E=0,4+1, +2,..

In the special case of an arc array,
arranged in the z = 0 plane, the requi-
Figure 4.3. The coordinate system and site phase distribution is:

scheme for the arrangement

i i Y v(Oo. Po) =
of radiators in a cylindri- on
cal array. = —[xa sin Oy cos ((po——a,,,)—i-?nk]. (4.2)
k=0,x1, & 2,...

The requisite law governing the phase control of the mn-th phase shifter, %as mn
[95hase mn)» depends on the circuit configuration of the antenna feeder channel
ang on the circuit configuration of the phase shifters themselves, and for a

Dyas mn (0 Po) = — [Ka sin O cos (Po— ) + 42, COS Og—
— Kka sin 0p €S (Po— Gin+) - KZm* €05 0o — Pux mn + Doy m* n* + 2nk), 4.3)
k=0, +£1, £2,., :

*The proposal of the presence of a phase center for the mn-th radiator is justified
for radiators arranged on a cylindrical surface of considerable radius: a >> A.
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where ¢¢HA m [¢feed mn] designates the electrical length of the feedline from

the generator to the input terminals of the mn-th radiator (without taking into
account the electrical length of the phase shifter ¢ inserted in the feed channel
for the mn-th radiator), while the subscripts m'n' designates the phase shifter,
the phase of which is taken as zero.

Correspondingly, for an arc array: - - R A
D gas 0n (Oor Po) = — (K@ sin O [cOS (Po— ctn) — €08 (Po—0tn*]—
— Qg on+ Ogunon’ + 20k}, k=0, £ 1, £2.... (4.4)

We shall cite the expressions for Qphase m for several specific configurations
of cylindrical and arc arrays.

1. A parallel excited arc array (Figure 4.la). The electrical length of all of
the feeder lines is the same, and the phase of the phase shifter of the radiator
with the coordinate ag = 0 is taken as the zero phase (n' = 0):
@ a5 0n (B0 Po) = —xa sin B [cos (Po— at..)—cos Qo] -+ %k, (4.5)
k=0, -1, £ 2,.. ' '
Expression (4.5) is also justified for an arc array with spatial excitation (Figure

4.1b), if the phase center of the feed irradiator is placed in the geometric
center of the arc array and n' = 0.

2. A series excited arc array. The phase shifters are inserted in a parallel cir-
cuit configuration (Figure 4.lc). The generator output.is connected to the -N-th
radiator, n' = -N: q (g oy . . T
pas on (00, Do) = — K@ sin O [cos (Po— &tn) —c0S (Po—_n)] +
+’“1Y (a,. —a_~)+2ﬂk, kioo + 1- + 2v'"v (4.6)
where y is the retardation in the supply feedline.

3. A series excited arc array. The phase shifters are connected in a series cir-
cuit configuration. The generator output is connected.to the -N-th radiator, n'

i

—N: Das 0n (B0, Po) = — Ka'5in B [cos (@0 — arp) — cos (Po— ax)l+
et
+rav(en—an)t Y Opugop--2nk, k=0, £1, 42 “.7)
P--—-N B . goee
4. A cylindrical array with mixed excitation (Figure 4.2) , n' =0, m' = 0:
®gga mn (801 o) = —xasin Oy cos (po—at)— -
— K2y €05 0 + xasin 6y cos o+ Ky2Zy +- 21k, k=0, + 1, £-2,..,, (4.8)

where y is the retardation of the wave in the feeders, arranged along the genera-
trix of the cylinder.

The value of the .integer k in the expressions cited here depends on the type of
phase shifter. Thus, if the phase shifter can change the phase continuously in
a large range of phase values*, then k = 0 in expressions (4.3) - (4.8). However,
so-called resetting phase shifters are used in electrically scanned antenna arrays,

*The requisite range of continuous control of the phase of the wave in the phase
shifters depends on the size of the cylindrical array and the scan sector, and

- for pencil beam arrays can reach several tens and even hundreds of thousands of
degrees.
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where the phase control range in such shifters is kept within a range of 0 to 2w
radians. The advantage of such phase shifters consists in the smaller dimensions
and losses, as well as in the greater precision in setting the phase as compared
to phase shifters with large phase control ranges. When using resetting phase
shifters, the value of k in the expressions cited here should be selected so that
the following inequality is observed:

0< Dgagmn <25 (4.9)

The choice of the number of controlled phase shifters depends on the requisite
scan sector, the directional pattern width and the amplitude distribution in

the array. The minimum possible number of controlled phase shifters in the case
of wide angle scanning is chosen equal to the number of radiators.

4.3. The.Directional Patterns of Cylindrical Pencil Beam Arrays

The normalized complex vector directional pattern, 'f(e, ¢), of a cylindrical
array when generating a beam in the direction 6p, ¢, can be written in the

form: - - My Nam) " T " -
) FO,9=4 Z 2 llmnIan(O.‘P) Gon (1 —[Tpn [* X
mes —M, s —N¢ (m) . ! (4. 10)
- X exp [— j [xa sin 8, cos (9o — &n) -+ K2y, COS Bp—
_ —xa sin 0.cos (p—a,)— K2, cos 0]},
where ]Iml is the amplitude of the incident current (or voltage) waves in the

feeder of the mn-th radiator; F. (8, ¢) = &u(8, 0)Fy (8, 6)5 Fr (8, ), B

(8, ¢) are the normalized amplitude and polarization patterns respectively of

the mn-th radiator; G, is ‘its gain; I'p, is the reflection factor from the input

of the mn-th radiator; -M;, M, -Nj(m) and No(m) are the numbers of the end

radiators of the cylindrical array;

M, Ny (m) N

T;—: Z ’ 2 [ 7 | Fran (80, @0) V Gran (1 == T'ma (4.11)
Mmex— My ni= —N, (m) .

is the normalizing factor.

In the following, we shall assume that the quantities G, and Tpy do not depend
on the number of a radiator, i.e. Gy, = Ggg» |Tpnl = [Tgol -

Expression (4.10) can be represented as the directional pattern of an equivalent
linear radiator: - S . :

FOO=A 3 11nol F (0, 9)cxpl—Jzm(cos 8o—cos O]

m= —M, (4.12)
- R —V———-—_———— Ny (m)
- me  Fn@q=Llal=llaB N 41, FE, 9) X
I 1mol e ()
: X exp {— jxa [sin 6 cos (po—an)—sin B cos (p—o,)]} (4.13)

is the complex vector directional pattern of the m-th arc array.

In a rather typical, although special case of a cylindrical array, formed by a
set of identical arc arrays, and where the current amplitude distribution divided
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along the coordinates aand z is lI | = |I IIIonl, the directional pattern of the
cylindrical array is determined by the product of the directional pattern of the

arc array, Fy (8, ¢), lying in the plane z = 0, times the factor for the linear
system of radiators, fM(e):

F(G ‘P) FO(ev ‘P)fM (9)' (4.14)
M,
D mol exp [—jxzm (cos B—cos B)]
rae fu(0)= me— My — , (4.15)
> Hmel
me=—M; '
Fo (0’ ‘P)=‘

Ny
DV 1lonl Fon (8, ) exp {—jxa [sin O cos (Po—ttn) —sin 6 cos (@—an)l}

. R=—=N;

(4.16)

Ne
> lon|Fon 8o, o)

nem —Ng

Thus, the study of the directional pattern of a cylindrical antenna reduces
basically to the study of the directional pattern of the corresponding arc array.
Moreover, the directional pattern of the arc array is poorly directional in the
plane passing through the direction of the beam and the z axis. For this reason,
when generating a pencil beam, the shape of the directional pattern of a cylin-
drical array in the indicated plane in the region of the main lobe and the first
sidelobes is governed primarily by the factor for the linear system of radiators,
fq(8). However, the directional pattern completely matches the directional
pattern of the arc array (4.16) in the orthogonal plane.

4.4, Directional Patterns of Arc and Cylindrical Arrays

When calculating the directional pattern of an arc array using expression (4.16),
it is first of all necessary to determine the directional pattern of an individual
radiator in the array, which is a rather complex and independent problem. The
complexity of the problem consists in the necessity of taking into account both
diffraction phenomena at the surface of the antenna and effects of radiator
interaction in the arc and cylindrical arrays. The techniques for solving this
problem can be partially found in the literature [1]. However,. in the initial
design stage, it 1s expedient to determine the directional patiecrn of an indivi-
dual radiator by means of simpler approximation ‘methods, without taking inter-
action into account and with an approximate accounting for diffraction phenomena.
The essence of the approximatlon consists in the fact that the amplitude direct-
ional pattern of a radiator, F (e, ¢), in an array in a range of angles of a, -
/2 < ¢ <ap + 7/2 is computed just as for a single radiator in free space, while
it is equated to zero in the range a, + /2 < ¢ <21 -ag.

When determining the polarization pattern of a radiator, eon(e, ¢), one can make
use of the following recommendations: the polarization pattern of linear radia-
tors (dipole, slot, yagi type radiator) matches the polarization pattern of an
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elementary dipole sufficiently well, while the polarization pattern of aperture
radiators (the open end of a waveguide, horn), matches the polarizatior pattern
of a Huygens source.

\
For longitudinal linear radiators, arranged along the z axis on a cylindrical
surface, at a point with an azimuth coordinate of a: ’
eon (8 @) =0o. (4.17)
( For similar transverse linear radiators: -
\ cosBsin(p—an) g cos (p—an) ? : '
€ =— - 0 .
0n (es q’) .Vl -—5ln,'ﬂsin' (v__a") Vl—sin,BSIn’ (Q_..au) (4 18)
’ For aperture radiators with an azimuth coordinate of the phase center, a,, and
with an electrical field vector parallel to the XOY plane: _
S ____cosOsin (p—an) 0 sin 84 cos{@ —an) i (4.19)
- : eon (9 @) = 14sin @ cos (p—an) 0 T 4sin 0 cos (p—an) o
For similar aperture radiators with an electrical field vector parallel to the
z axis: B . VT
in 0--cos (p—an) cos 0 sin (p—an)
e 0 = sin - s
o (8, @) 1+4-sin 0 cos (p—an) O T +sin 0 cos (p—aa) o (4.20)
b | In expressions (4.17) - (4.20), 60 and ¢0 are used to designated unit vectors in
a spherical system of coordinates.
Taking the polarization patterns of individual radiators into account shows that
in the general case, the directional patterns of arc arrays, besides the main
polarization component of the radiated field, also have a parasitic (or cross
polarization) component, The cross polarized component is absent only in arrays
formed from longitudinal linear radiators, as well as in the case where the
directional pattern of an array is considered in the plane of -the arc (60 = 1/2),
When: e = PP o
F - --:E- :=F (_"... \ 00 ) )
0 (2 ,(P) [} 2.(91 ‘PO . . ‘ (4'21)
where: e ’ :
_ Fo[ X, )=
°( 2" (6.22)
Ny ;;
X 1onFon (; . q,) exp {— Jxa [cos (po—otn) —c08 (p—0in)]}
n==—Ng
Ny ”
2 “oulFon('? ’ ‘P)
fa=—N,
Further design calculations of the directional pattern of an arc array can be
performed in accordance with the following scheme:
1 *Writing the symbol % means that either the unit vector 6p or the unit vector

%0

%g 1s chosen.
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1. Direct calculation of the directional pattern of an individual radiator using
formulas (4.14) - (4.16) and (4.22), taking into account the poclarization patterns
(4.17) - (4.20) anéd the calculated amplitude pattern. This computational work

is cumbersome, absolutely requires the use of a computer and it is expedient in
the concluding stage of the design work when specifying the characteristics more
precisely for the selected array variant.

2. The introduction of reasonable assumptions, which make it possible to simplify
the computational process in the initial design stage without substantial losses
of precision. The wessence of these assumptions consists in the following:

a) The directional pattern of the arc array is calculated only for the main
planes, 8 = n/2 and ¢ = ¢g, and in the region of the main lobe and the first
sidelobe; .

b) The directional pattern of an individual radiator and the current distribution
function in the arc array are approximated by elementary functions;

c) An arc radiator with a continuous current distribution, equal in value to the
actual distribution at the points where the radiators are placed and with a
sufficiently smooth current distribution among them is substituted for the dis-
crete arc array.

Taking the assumptions enumerated above into account, the directional pattern of
the array in the plane of the arc when generating a beam in the direction w/2,
0, with a precision of down to the normalizing factor A, is represented in the
form: ' T ‘ -

Fy (_’2_‘_ , q,) = Aji':(a) F (-g-, 9, a) exp {—jxafcos a— cos (p—a)]} de,

where the term F(w/2, ¢, o) designates the directional pattern of an individual
radiator having an azimuthal coordinate a. The equivalent linear radiator
technique is the most convenient method for the approximate calculation of the
directional pattern using expression (4.23). The essence of it consists in the
fact that the directional pattern of an arc antenna is computed as the direction-
al pattern of an in-phase linear antenna, the amplitude distribution in which
corresponds to the projection of the amplitude distribution along the arc onto

a linear antenna, positioned perpendicularly to the direction of the beam being

(4.23)

generated. The amplitude distribution, I, uiv(y) in the equivalent linear
antenna can be determined from the expressgon: -
. A P
Lo (9) 2= l(arcsm —E—)F(—’;— » 0, arcsin ”;) Va—p' (4.24)
and the directional pattern of the arc antenna from the following formula:
“ ”' - .- — m——— e -
Fo (7. <p)=A.f1m (&) exp (jrysin ) dy, (4.25)
: 143

where )
yi=asine_y,; y=asinay,.
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The range of permissible angles ¢, within which one can use (4.25) for the calcu-
lations with an error not exceeding a few percent, is determined by the inequal-
ity: ’

n/2 ]
xa [l —cos (max (| ay, |, | %.~, )] f (4.26)

|<p|garccos[l—

Based on the equivalent linear radiator technique, one can find (depending on

the kind of amplitude distribution along the arc array and the directional
pattern of an individual radiator) the relationships between the width and shape
of the directional pattern of the array, the level of the first sidelobe and

the projection Ze uiv = Y2 - yi of the arc array onto the y axis. These functions
are given in Table 4.1 for yo = -ylex_Nl =oaNp = B). Values of the surface
utilization coefficient for an arc anteiina, v, determined by the ratio of the
directional gain of the arc antenna to the directional gain for the case of uni-
form amplitude distribution in the equivalent radiator, are given in the last
column of Table 4.1.

During the design process, the requisite amplitude distribution in the equivalent
linear radiator, I, uiv(y) and its length are chosen from Table 4.1 based on the
specified width and level of the first sidelobe. Then, the requisite amplitude
distribution in the radiators of the arc array is determined from expression

T (4.24):

-

o (4.27)

The directional pattern of an arc array in the region of the main lobe and the
first sidelobes, which is governed by inequality (4.26), is calculated from the -
relevant expressions of Table 4.1.

1 (@) = Loy (@ 5in @2,) @c0s &l F (12, 0,

When calculating the directional pattern of a scanning arc array with the main
lobe deflected from the direction ¢g = O, one can rotate the arc array through
the angle -¢q and employ the equivalent radiator technique. In this case, one
must keep in mind the fact that an arc array, and consequently, the amplitude
distribution and the equivalent radiator itself will no longer be symmetrical
relative to the direction of the beam being generated, something which does not
make it possible to fully utilize the results of Table.4.1. However, one can
always choose an approximating amplitude distribution in the equivalent radiator
from a set of functions which make it possible to calculate the integral in
(4.25) in closed form.

It must be remembered when more precisely specifying the equivalent radiator
technique that when the spacing between the radiators of the arc array, d, exceeds
A/2, additional parasitic lobes (higher order interference maxima) can appear in
the pattern of the arc array, just as in the directional pattern of a linear
array. Their level depends on ka and B, and falls off with an increase in ka and
B.

The position of the interference maxima is practically independent of the dimen-

'sions of the arc array, and is determined primarily by the step of the antenna

array. The individual radiator directional pattern and the form of the amplitude
distribution in the array have a slight impact on the position of the interference
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maxima. Thus, in the case of a uniform amplitude distribution and with isotropic
radiators, the coordinate ¢, of the p-th order interference maximum when ¢4 = 0,
- is approximately defined by the relationship:

Pp 2~ 2 arcsin (pA/2d), p =1, 2“

(4.28)
i With an amplitude distribution in an arc array, corresponding to the maximum of
- the directional gain, the position of the first order interference maxima is

shifted in the direction of an increase in the coordinate ¢ by approximately 0.5
to 1.0 times the directional pattern width of 2¢; 5. By knowing the direction
of the interference maxima, their level Fo(w/Z, ¢§ can be determined from
expression (4.22). This same expression can be employed, if it is necessary to
more precisely specify the directional pattern of the arc array in the requisite
angular sector.

The directional pattern of a highly directional cylindrical array, F(6, ¢), con~
sisting of a system of identical arc arrays in a plane perpendicular to the axis
of a cylinder, matches the directional pattern of a single arc array, and in the
plane running through the axis of the cylinder and the direction of the array
beam, it is represented.in the form of the product of the arc array directional
pattern (4.14) times the directivity factor for a linear antenna (4.15).

If the spacing between arc arrays along the z axis does not exceed A/2, then
in expression (4.15) the sum can be replaced by the integral:
L2 ST
fr=4 I (2) exp [jxz (cos 0—cos 0o)] dz ‘
-é./z (2) exp LKz cos B)] dz, (4.29)

where L is the length of the cylindrical antenna along the z axis.

The expression for f;(8), depending on the amplitude distribution, can be found
in Table 4.1, 1if quuiv(Y) is understood to be I(z) and Zequiv is understood to
be the quantity L.

1f should be noted that when Z >> A and I >> a, the following relationship obtains
in the region of the main lobe and first sidelobes:

F (0, go) 2 [ (0). : (4.30)

4,5, The Directional Gain of Cylindrical and Arc Arrays

The value of the directional gain of arc and cylindrical arrays depends on a
number of factors, in particular, on the radiator directional pattern, the form
of the amplitude-phase distribution over the radiators and the number of them.

The optimal phase distribution which assures a directional gain maximum in pencil
beam cylindrical arrays is close to the distribution described by equation (4.1).
The optimal amplitude distribution along the z coordinate is uniform, and along
the o coordinate, depends substantially on the step of the array. The general
governing laws in the case where ka >> 10 are as follows: for a step of d/x =

0.5, the optimal amplitude distribution approaches that distribution which, in

| 1S
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being designed for an equivalent linear radiator in accordance with the distri-
bution of (4.25), yields a uniform distribution in it:

COS Clp
F(n/2, 0, ap) (4.31)

With an increase in the spacing between the radiators, the optimal amplitude
distribution in the radiators approaches a function proportional to the amplitude
pattern of the corresponding radiator in the direction of the beam being formed
by the array: ‘

Iopt ~

Iy 2 F(n/2, 0, ).
o 2 F( ) (4.32)

Although expression (4.32) is justified only when the spacing between the radia-
tors significantly exceeds the wavelength, it car be used as soon as d > A,

The following relationships can be employed in estimating the maximum directional
gain. For an arc array formed by a system of longitudinal half-wave slots,
arranged in a cylinder,

1, 43xa ~——sinf} npu d>MN2,
Dipax 2 d/k when
2,86xa sinp npu d< A2, (4.33)
where the angular sector occupied by the array is 28, falls in a range of from

50 to 180°.

For a cylindrical array forred by g system of similar slots, which generates
a pencil beam, directed perpendicular to the axis:

nSoxs_ d _a>*
dldl .an 1> 2 2'
A
2

Dpax= when (4.34)

. .
"i"saun np“ dl\"—l d2< .

where S,.,iv 1s the equivalent aperture area; dy and dy are the spacings between
adjacent slots in the plane passing through the axis of the cylinder and in the
plane perpendicular to the axis of the cylinder respectively.

For the m-th arc array, the maximum directional gain can be approximated using

the expression: v
’

n
Dpx Y Dun Fia(3 . ), (4.35)

nw=—~Ny

where Dy, is the directional gain of the mn-th radiator in the direction of the
. radiation maximum axis.,

The summing in sxpression (4.35) can be approximately replaced by integration.
In this case, fur a system of identical radiators with_Doo, we have:

: ay
fOFR (m)2, .
D raox 22 Do 5' —‘ﬂ"_(zﬁ"‘&')-dan=
@_N, .
(4.36)
=Daom— ‘Y 1‘,,.,,(:;/2 q)o)da,,
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Expressions are given for Dy pay in Table 4.2 for a few directional patterns,
given the condition that -o_y; = ayy = B.

TABLE 4.2,

A4-cos (p—ap)

\ Fmn (% ¢) €08 (¢—n) At1

. sinf  sin2f
ap sin 2p ap 14243444 —F 4+ —=
Do d— [l + 2D ] D(m ""'d [ ﬁ 2” ]

(1+ay

Dm max

The maximum directional gain of a cylindrical antenna formed from radiators of
any type can be determined by summing the maximum directional gains of the
corresponding arc arrays from which the cylindrical antenna is formed.

When the amplitude distribution differs from the optimal the array directional
gain is reduced by a factor of v times (v is the surface utilization factor).
For a cylindrical array with a shared current distribution of |Ip,| = |If] |Ignl:

v o= vivy (4.37)

where vy is the antenna surface utilization factor for the z coordinate; vy is
the arc array surface utilization factor.

For an arc array with a spacing between the radiators of about A/2, the coeffi-
cient vy can be determined from Table 4.1 for the appropriate distribution in
the equivalent linear radiator. :

If the spacing between the radiators is approximately A or more, then the coeffi-
cient vy must be determined from the more complex formula:

vy = 1/(1-|-f&p), (4.38)
N, t
_ N? IOn opt ZN I°P’0popl Ny
’ ép == 2 Ih— pj,:- 4 Itn,
i n=—N, , Z:N T80 opt ’tﬂ—N'
N_; N (4.39)
Z lop Fop (":;- ‘Po)
1(’1n=p-;N' Fon (—g— , %) '
N b 3 ,
3 [re(5 o) |
p=—N,

|Ihl |Ton opt| is the current amplitude in the mn~th radiator, having the maximum
directional gain; |Ip| |Iy,| is the actual current amplitude in the mn-th radia-
tor.
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The coefficient v; depends on the form of the amplitude distribution !I&I with
respect to the coordinate z and can be found as in the case of linear antennas.
Y,
(

; We will note that in the case of electrical

i scanning in azimuth, it is necessary in the
{ . general case to control not just the phase,
|| but also the amplitude distribution. The

i most effective method of amplitude distri-
1 7o bution control is that of "shifting" it in
N 4 ¥ 4 azimuth through the scan angle without
changing the shape. This techmnique is
feasible in cylindrical and arc arrays
with spatial excitation with electrically
or mechanically driven motion of the array
feed irradiator directional pattern.

Figure 4.4, The surface utilization
coefficient v, as a func-
tion of the direction of
the beam of a ring array.

However, it is frequently undesirable to control the amplitude distribution in
cylindrical arrays during scanning for a number of reasons, in particular,
because of the increased complexity of the circuitry and structural design of
the antenna. With beam scanning of a cylindrical array in the azimuthal plane
solely through the control of the phase distribution, the directional gain of
the array changes. When the spacing between the radiators is about A/2, the
reduction in the directional gain during scanning can be determined from
expression (4.38), where: "T”“"“”"'“” T T

/m’n (x)— l'( Taus (x) dx/loys ? ax

. AKB

ﬂ :p'= oKB

N ' (4.40)

L
- lBlll

»

j‘ la“. (X) dx

BKB

quuiv(x) is the amplitude distribution in the equivalent radiator, perpendicular

- to the direction of the beam. This expression is to be used if the actual ampli-
tude distribution in the equivalent radiator cannot successfully approximated by
one of the functions in Table 4.1, Otherwise, it is simpler to choose the
coefficient v, from Table 4.1,

If the spacing between the radiators is approximately equal to A, then the
change in the directional gain during scanning is to be computed from formulas
(4.38) and (4.39), taking into account the fact that:

Ion opt = F;,. (=/2, ‘po)9 Ion =.F;,. (5"‘/2» 0)-_ -

In two cases (radiators which are omnidirectional in azimuth and placed at a
spacing of approximately A or more, and radiators with a directional pattern of
an(n/Z, ¢) = cos(¢ - o), positioned at a spacing of about A/2), the change

\ in the directional gain during scanning and with a constant amplitude distribution
is determined simply and shown graphically in Figure 4.4.

In both cases, the optimal amplitude distribution is uniform. So that the direc-
tional gain does not change during scanning, the beam direction ¢0 should not
exceed an angle of /2 - B.
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The efficiency, n, of cylindrical (ring) antennas depends on the losses in the
feeder channel and phase shifters, as well as the antemna circuit configuration.
For this reason, the gain of cylindrical arrays should be computed in each
specific case following the choice of the antenna circuit, the type of feedline
and phase shifter. During the preliminary calculation of the gain of cylindrical

scanning antennas, the efficiency of these antennas can be taken as 50 to 60%.

4,.6. Bandwidth Properties of Arc Arrays

Arc antennas make it possible under certain conditions to obtain a poor depen-
dence of the major directivity characteristics of the antennas on frequency
(beam direction and width, sidelobe level, directional gain) in a wide band

of frequencies. The bandwidth properties of arc arrays depend substantially on
their circuit configuration, the type of radiators and control element.

Thus, in an arc array with spatial (or parallel) excitation (Figure 4.5), where
broadband phase shifters are used [4], with a deviation of the frequency f from
the center frequency fo, with which the phasing is accomplished, a symmetrical
phase error occurs in the aperture CD: i

— AL —Vx—i’Jmlka'-A—’- LY, |
AD (9) =K, 7 a[l (a) 2 ° /..(a) (4.41)
' when nipu —% <0,6, ' |

where Af = f - £53 kn = 21/Ag. L .
05 Xo 0 y
ol . D80 y)/ T (6Pyan=0)

-
N
F\\\\

@e-——iJJ——«~ Ry
Amnnumydng

N pacnpedenenue:
pabuomepyoe —
HocunyooudansHoe — |

0‘5 PR R —— -

4

Figure 4.5. Configuration of a paru:llel
excited arc array. 24

.4 2
g :’- -ilf A¢AM

Figure 4.6. The reduction in the direc-
tional gain of an arc anten-
na as a function of the
permissible phase error in
the equivalent linear

The presence of a symmetrical phase
error in the aperture CD leads to a
reduction in the directional gain of
an arc array, however, the direction
of the pattern maximum remains as
before, with a slight error.

radiator.,
The reduction in the arc array direc- Key: 1. Amplitude distribution:
tional gain as a function of the value uniform, cosine.

80pon [8%5.,] in the general case :
depends on the amplitude distribution in the equivalent aperture. In particular,
graphs showing the drop in the directional gain for uniform and cosine amplitude

distributions are presented in Figure 4.6 as a function of A¢per‘
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By using relationship (4.41) and the graph of Figure 4.6, one can always select
the radius of an arc array a and the excitation sector, determined by the ratio
Zeq iv/Za, for which the reduction in the array directional gain in the specified
passband will not exceed the permissible value. If the ratio is Ze uiv/2a, then
the requisite radius of the arc array, for which the phase error at the edges of
the equivalent aperture does not exceed the permissible value Ad,.. in a frequency
- range of 2Af/f0, can be found from the approximate expression:

~ "Omflfo lLun_
S ey E (4.42)

It should not be forgotten that the graphs of Figure 4.6 do not take into account
the drop in the directional gain related to the frequency response of the phase
shifters. For this reason, the phase shifters and radiators of the array should
be chosen so that their working bandwidth is at least no less than the requisite
bandwidth of the entire arc array as a whole, and the reduction in the array
directional gain related to the phase shifter errors are insignificant within

the requisite passband.

We shall consider the bandwidth properties of a series excited arc array. In
this case, when the frequency changes, the phase error in the equivalent aperture
will be composed of the error (4.41) and the error related to the frequency
dependence of the phase change between the radiators in the feeder line. For
this reason, the overall error is:

AL -

AD (y) = K°a_[1_l’/1—(—) ]-'i-rc.,ayo—earcsin(—g-), (4.43)
where AA /A is the relative change in the wavelength 1A, in the feedline, Yo = 0/
Ago is tﬁe retardation in the feedline at the center frequency.

Expanding A®¢(y) in a Taylor's series in the vicinity of the point y = 0, and
n limiting ourselves to the first terms, we obtain [3]

by ¢ 1 Af
Y ”fa"_("') +_‘ o @% ——

A
Ad (y) ~ Kqay, Ao (

7;) .« (4.44)

The first term in (4.44) leads to the deflection of the beam of the arc array
from the initial position by the amount:

Kove 420

K

n (4.45)

Am,c:arcshx(
The second term in (4.44) leads to a reduction in the directional gain of the
array according to the governing law defined by expression (4.41) and the graphs
of Figure 4.6, The third term leads to beam asymmetry.

Thus, in a serles excited arc array, the azimuthal plane position of the beam is
frequency dependent. For this reason, such arrays can be used only in relatively
narrow band systems. The displacement of the beam of an arc array in a small
range (up to half of the width of the directional pattern, 24g.5) 1s equivalent
to an additiomal reduction in its directional gain.

During the preliminary calculations, when the law governing the amplitude distri-
bution in the arrays has not yet been determined, the reduction in the direction
0, ¢o when the beam position changes can be estimated from the formula:
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sin? [-’S"—l!'L"_ sin (.53_13’ ﬂ)]
D@, g l-A)) _ _ 2 . b )] (4.46)
_ .\ D (01 (PG) : ~La|m 3, KoYo A)\ﬂl '
(xo -—-) sild | —— —— |1
' \2 X v/

which is jﬁstified for a uniform amplitude distribution in the equivalent aper-
ture. :

The bandwidth properties of a cylindrical array in azimuth are govermed by the
bandwidth properties of the corresponding arc arrays of which the cylindrical
antenna is composed. In the ¢ = ¢y plane though, the bandwidth properties of
- the cylindrical array directional pattern are governed by the bandwidth proper-
’ ties of the equivalent linear antemna array.

4.7. Some Structural and Circuit Design Variants for Arc and Cylindrical Arrays

A variant of an annular array with mechanical beam scanning -in azimuth from 0
to 360° is shown schematically in Figure 4.7. The annular array is formed by
two parallel metal disks (1) between which radiators are installed along the
perimeter in the form of open rectangular waveguide ends (2) using a working
Ho mode. Ferrite phase shifters (3) are installed in the waveguides, the
phase in which changes as a result of the change in the bias magnetization
current in winding (4) [5]. The length of a waveguide radiator ‘should be the
minimum possible, but such that the phase shifter installed in it is capable
of assuring control of the electromagnetic field phase in'a range of 0 to 27
radians« :

A ring -array is excited through a radial line from the feed radiator in the form
of an open rectangular waveguide end or a horn (5). The aperture of this horn
is chosen from the condition that the shape of its directional pattern corres-
ponds to the shape of the requisite amplitude distribution in the ring array.

To control the amplitude distribution during beam scanning, the feed horn is
connected to a rotating coupling (6). The ring choke groove (7) serves for
matching the feed radiator to the radial line and eliminating radiation through
the slot between the rotating coupling and the radiating line.

The maximum electrical scan frequency in the given structural design is governed
by the inertia of the rotating coupling, and in a circular scanning mode, can
reach several tens of revolutions per second.

. A drawback to the structural design considered here is the relatively low beam
control speed, which is related to the presence of mechanical rotation of the
feed radiator. A variant of an annular array is shown in Figure 4.8, which
corresponds to the schematic of Figure 4.la, with electrical beam scanning in
a range of 0 to 360°. The energy is guided from the coaxial stub exciter (1)
through the electrically controlled switch (2) to the requisite sector of the

- radial line (3), along the perimeter of which are the radiators in the form of

waveguide sections with electrically controlled phase shifters installed in them.

The beam scanning within the angular range determined by the angular spacing

between two adjacent switcher channels is accomplished solely by virtue of the
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Figure 4.7. A ring array with mechanical beam scanning.

Key: A. Rotation angle sensor;
B. Phase shifter control unit;
C. Beam control unit,

phase control at the output of the radiators. The number of switcher chanmels
is chosen in accordance with the requirements placed on the permissible beam
distortion during scanning (a six position switch is:shown in Figure 4.8).

A multiposition switch can be designed around a reflective type isolator switch,
which is depicted schematically in Figure 4.9. The operational principle of the
switch is based on the dependence of the reflection factor on the magnetic
field intensity. In such a switch, a thin metal partition (1), placed close
to the ferrite (2), is soldered to the narrow wall of the waveguide perpendicular
to the dominant mode electrical field lines of force. With a comparatively
small bias magnetization field, the wave is almost completely reflected from
the ferrite and energy does not float through the device. This occurs as a

. consequence of the conversion of the Hjg mode to an E wave, which cannot propa-
gate in a waveguide with metallic plates.
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Figure 4.8. A ring array with electrical beam scanning by means
of switching the feed irradiator.
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Figure 4.9. Schematic drawing of an
isolator switch. Figure 4.10. Feed radiator for a ring
’ - array with switched outputs.
In the absence of a magnetic field,
the ferrite behaves like an isotropic
dielectric and the microwave energy

Key: A. To the control unit;
B. Circular Hgy mode wave-

passes through to the device output with guide;
X C. Circular Ep; mode wave-
few losses. Such switches have a rather guide

high Kg¢ [SWR]. For this reason, when
such switches are combined in an n-position switch, it is essential to provide
matching elements. The speed of the switches amounts to tens of microseconds.

Other types of switchers designed around ferrites are also poséible [5]. A
system of resonant slots cut in a circular Ejg or Hy mode waveguide (Figure 4.10)
and switched with PIN diodes can also be used as switches. A drawback to such

a system is the poor working bandwidth 1(2-3) % and the relatively small trans-—
mitted power (about 10 watts).
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Figure 4.11. A series excited arc array.

An example of an annular array Figure 4.12. A series excited arc array
design in a series excitation confi- with phase shifters using
guration is shown in Figure 4.11. Half- waveguide bridges.

wave slots (1) are cut along the center

of the wide wall of the waveguide. Four diodes (2) inserted in the center of
the metal stubs (3), installed between the wide walls of the waveguide, each on
different sides of each slot, are used for independent control of the amplitude
and phase of the field radiated through a slot. By changing the voltage applied
to the diodes, one can change the phase of the field radiated through a slot
from 0 to 360°. The amplitude control range is 35 dB [6] (the coupling of the
field radiated by the slot to the waveguide field can vary from -50 to ~15 dB).
In particular, with a balanced circuit configuration for all four diodes, the
slotted radiator treated here theoretically does not radiate (the coupling to
the waveguide field is practically about -50 dB).

Another variant of the structural design of an arc array with series excitation
and discretely switched phase shifters is shown in Figure 4.12. The electro-
magnetic wave energy from the feed waveguide 4 which is bent in an arc is fed
through the coupling holes (3) sequentially to the input arms of the slotted
waveguide bridges joined to the waveguide and passes through the coupling holes
(2) to the two other arms of the bridge, each of which is loaded into slotted
stops (1) which are switched by means of PIN diodes. In being reflected from
the "turned-on" stops, i.e., from the stops to the PIN diodes of which a voltage
is applied, the wave is then fed to the output channels of the bridges and

the energy is radiated .through the open ends of the waveguides. With a change
in the position of "turned-on" stops, the phase of the field radiated by the
waveguides 5 will change.

One of the beam scanning methods frequently used in practice in cylindrical
antennas is the technique of phase-frequency scanning. The essence of it
consists in the fact that the cylindrical array is built up using frequency
scanning slotted waveguide antennas. The individual slotted waveguide antennas
are joined together by means of a parallel excitation circuit, in the branches

of which phase shifters are installed. The antenna beam is controlled in azimuth
by means of these phase shifters, while the beam scanning is accomplished in

the meridianal plane by changing the generator frequency.
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Other circuits and structural designs are also possible for ring and cylindrical
arrays [013, 1, 7].

4.8, The Design Procedure for Cylindrical Arrays
We shall consider a few variants for the design of cylindrical arrays.

Variant 1. Design an arc array with electrical beam scanning in the azimuthal
plane in an angular sector of (¢g + ¢, %0 - dmax) *

. The main parameters are specified: the polarization of the radiated field, the
width of the directional pattern in azimuth 2¢q.5, the working bandwidth 2Af/f0
and the permissible reduction in the directional gain at the edges of the band,
the permissible level q of the first sidelobes, and the radiated power P. The
additional parameters are: the precision in beam steering, the ultimate dimen-
sions c¢f the array, the scanning rate, etc.

The design calculation consists of the following steps.

1. Determine the amplitude distribution in the equivalent aperture and the
length of the equivalent aperture lequiv with the condition that the array beam
is generated along the axis ¢ = ¢ using the data of Table 4.1, based on a
specified q and 24¢ 5.

2. Select the circuit configuration for the arc array. For this purpose, if

the precision in array beam steering is stipulated in the specificztionms, then
ascertain by means of relationship (4.45) whether the requisite precision is
realized in a series excited arc array. In this case, naturally, it is necessary
to specify the type of feedline. If the answer is negative, then a parallel
excitation configuration is chosen, and if it is positive, then by using expres-
sions (4.41), (4.42) or (4.41), (4.45) and (4.46) and the graph in Figure 4.6,
then based on the permissible reduction in the directional gain, it is necessary
to find the minimum radius of the arc array for the case of parallel and series
excitation respectively. If the radius found for the series excited arc array
is not much greater than the radius of the same array with parallel excitation,
and the array falls within permissible dimensional limits, then a series

excited arc array is to be selected. Otherwise, it is necessary to choose a
parallel excited array.

3. The angular size of the arc array is determined from the values found for a
and lequiv as well as the specified value of ¢p,y:

2ﬁm¢x =2 (B+ Pmax),’ (4.47)

where B = arcsin(lequiv/Za).

4. The type of radiator is chosen and using expressions (4.17) - (4.20), its
polarization and amplitude patterns are calculated. The minimal spacing between
the radiators and the overall number of radiators is determined (from structural
design considerations).
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5. Using the working frequency and the requisite bandwidth, as well as the
specified power, the type of feedline and the type of phase shifter are chosen.

6. The requisite electrical length of a phase shifter and the law governing the
change in this length in the scan sector is found from formulas (4.3) - .7).

7. By means of expression (4.27) based on the chosen amplitude distribution
quuiv(y) in the equivalent aperture and the calculated directional pattern of
an individual radiator, the amplitude distribution is found in the array I, =
I@y,).

8. The feed system for energy distribution among the radiators is designed using
the amplitude distribution which has been found. The circuit configuration of
the phase shifters is specified more precisely. If necessary, a device control-
ling the amplitude distribution during scanning is selected. For this purpose,
the reduction in the directional gain in the scan sector with a constant ampli-
tude distribution is determined beforehand from formulas (4.38), (4.40) or from
the graphs of rigure 4.4. If this reduction exceeds the permissible value,

then a provision is made for a device to control the amplitude distribution
during scanning.

9. The shape of the main and first sidelobes of the directional pattern is
computed using formula (4.25) or by means of Table 4.1. When using Table 4.1,
it must be remembered that the design calculations can be carried out within
limits governed by expression (4.26).

10. The level of the diffraction sidelobes is specified more precisely by means
of formulas (4.22) and (4.28).

11. The directional gain of the array is determined from expressions (4.33),
(4.35), (4.36), (4.37) - (4.39) or the data of Table 4.1 and 4.2.

12. The efficiency of the array and then the gain of the array is determined’
based on the known losses in the feedline, the switchers and in the phase
shifters.

13. Taking into account the finally selected circuit, type of radiator and phase
shifter feed system, the bandwidth properties of the arc array are found more
precisely.

14. Where necessary, the shape of the directional pattern is found more precisely
from formula (4.22) using a computer.

Variant 2. Design an arc array with electrical scanning in an angular sector of
(00 + bpaxs $0 = Smax)

The main parameters are specified: the polarization of the radiated field, the
directional gain, the working bandwidth, the radiated power and the level of the
first sidelobes.
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The design calculations consist of the following steps:

1. The amplitude distribution in the equivalent aperture is found from the
specified level of the first sidelobes using Table 4.1.

2. In accordance with the specified bandwidth and installation site of the
antenna array, the type of radiator is determined and its directional pattern
is found. The minimum spacing d between adjacent radiators is determined based
on structural design consideratioms.

3. The requisite number of radiators is determined based on the specified direc-
tional gain in the direction ¢g, using relationships (4.32) and (4.35) - (4.39).

The design calculations are then performed in accordance with the scheme for
variant I in the following sequence: paragraph 2 is done, the angular size
of the array 28 ., is determined and then paragraphs 5 - 10 and 12 - 14 are
carried out.

Variant 3. Desigp an electrically scanning arc array for an angular sector of
(b0 + bpax> 90 = Ppax)

The main parameters are specified: the structural configuration of the array,
its radius (or permissible boundaries, within the limits of which it can be
chosen), the polarization of the radiated field, the directional gain (or beam
width), the level of the first sidelobes, the radiated power and the average
working frequency.

The design calculations are carried out in accordance with the scheme for
variant 2 in the following sequence: paragraphs 1 - 3 are carried out, the
angular dimension 2B,y and the radius of the array (if its permissible range
of values is specified) are determined, and then paragraphs 5 - 10, 12 and 14
of variant 1 are carried, and finally, the working range of frequencies of
the antenna is computed.

Variant 4. Design a cylindrical array with electrical scanning in azimuth in an
angular sector of (¢g + dpaxs 90 = bpax)-

The main parameters of the array in the azimuthal plane are specified just as

in variants 1 - 3; the width of the directional pattern and the level of the
sidelobes in the plane ¢ = ¢g are specified in addition, and the directional
gain of the cylindrical array is specified instead of the directional gain of
an arc array. The design calculations are performed in accordance with the
procedure for variants 1 - 3, with the difference that the directional gain

of the cylindrical array is determined using expressions (4.34), (4.37) - (4.39).
The structural configuration of the cylindrical array is additional determined,
as well as its dimension along the Z axis and the amplitude distribution along
the z coordinate in the cylindrical array in accordance with the procedures for
the design calculations for linear antenna arrays (the results of Table 4.1 can
be used for this purpose, keeping in mind the note placed after formula (4.29)).
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5. SLOTTED WAVEGUIDE ARRAYS
5.1. The Function and Specific Features of Slotted Waveguide Arrays

Slota are widely used in microwave engineering as radiating elements or as
independent antennas. In this case, primarily slots in waveguides are used,
although slots in metal plates or foil excited by means of striplines can also
be. employed [01].

Slotted waveguide linear arrays (VShchr) provide for a narrowing of the direc-
tional pattern in a plane running through the axis of the waveguide.

Slotted waveguide arrays with mechanical, electromechanical and electrical scan-
ning are used along with slotted waveguide arrays having directional patterns
which are stationary in space [01].

We will note the major merits of slotted waveguide arrays:

1) Because of the absence of protruding parte, the radiating surface of a slotted
waveguide array can be co-located with the external surface of an aircraft
fuselage, without introducing additional aerodynamic resistance in this case

(an on-board antenna);

2) Optimal directional patterns can be realized in them, since the field distri-
butions in the aperture can differ by virtue of changing the coupling of the
radiators to the waveguide; ’

3) They have comparatively simple excitation and are simple to operate.

A drawback to slotted waveguide arrays is the limited bandwidth. With a change
in frequency, there is a deviation of the beam in space from the specified
position in a nonscanning slotted waveguide array, where this deviation is
accompanied by a change in the width of the directional pattern as well as in
the matching of the antenna to the feedline.

5.2, The Major Parameters of a Slot in a Waveguide

A slot in a waveguide is excited if it intersects the surface currents flowing
through the inside walls with its own wide side.

When a slotted waveguide array is designed, for example, around a rectangular
waveguide with a dominant Hyg mode, it is necessary to take into account the

fact that there are longitudinal and transverse surface currents in the waveguide
in the wide walls and a transverse current in the narrow walls..

The four main types of radiat!ng slots in a rectangular waveguide are shown in
Figure 5.1. Slots I-III are located in the wide wall of the waveguide; slot
Wis in the narrow wall. Longitudinal slot intersects the transverse current,
if it is shifted relative to the center line of the wide wall of the waveguide.
There is no radiation when x1 = 0 and the radiation increases with an increase
in the displacement x,. Transverse slot II is excited by the longitudinal
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currents. The intensity of the excitation decreases with increasing displace-
ment from the center linme. When x; = 0, the radiation is a maximum. The
oblique displaced slot III intersects both the longitudinal and the transverse
currents. When X, = 0 and the inclination angle of the slot is 6§ = 0, there
is no radiation. ~Slot IV, which is cut in the side wall, is not excited when
§ = 0. When & = 90°, the radiation is a maximum. By means of combining slots
I and II, one can obtain a cross-shaped slot. With a certain positioning of

the center of the cross-shaped slot, it radiates a circularly polarized field
[o1j.

As has already been indicated, a
longitudinal slot running along the
center line of the waveguide (x; =
0) and an oblique slot in the side
wall (when § = 0) do not radiate.
However, currents flowing in the
waveguide walls close to these
slots can produce such changes
that radiation takes place. So-
called reactive dipoles are used
Figure 5.1, The mzin types of slots used in for this: metallic rods, screwed
slotted waveguide arrays. into the waveguide alongside the
slot, which disrupt the symmetry
a of the current in the waveguide
' wall.

Oblique slots in the narrow wall usually stick a Iittle bit into the wide walls
of the waveguide. When such slots are cut in a waveguide, it turms out that
susceptance of the slot is low and has an insignificant influence on the pro-
pagation constant -of the waveguide [01], practically regardless of the inclina-
tion angle of the slot § (if § < 15°) for a fixed value of the cutout depth

Zo. Moreover, the slot susceptance changes considerably less with a change in
the frequency than in the case of slots cut in the wide wall of a waveguilde.
For this reason, oblique slots in the narrow wall of a waveguide are preferable
(both from electrical and structural viewpoints), especially in large antenna
systems.

External and Internal Radiation Admittances of a Slot. The Equivalent Normalized
Admittance of a Slot in a Waveguide. When a slot in a waveguide is excited by
the currents flowing through its interior walls, it radiates electromagnetic
energy both into the external space and into the waveguide. The slot radiation
admittance, which is determined by the externa% gadiation, is called the

external radiation admittance: Y(e) = Gy + 3B €). The radiation admittance
determined by the radiation of energy into igf wave%u§de is called the internal .
radiation admittance of the slot: (1) = G + jB 1),

It can be demonstrated by means of the duality principle [1], that the external
radiation admittance of a resonant slot, cut in the wall of a waveguide, and

having an infinite flange is: . - .
Y = Gz = 0,6Rz ] (60%)?,
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where Ry is the radiation resistance of an equivalent symmetrical dipole.

The radiation admittance of actual slot antennas, cut in a shield of finite
dimensions, is aiways 10 to 15% less [2] than the admittance of a slot in an
infinite shield. Consequently, one can assume that the external radiation
admittance of a slot in a waveguide is:

Gs ~ 0,9R;z /2 (60m)2. (5.1)

Knowledge of the internal admittances of the slots, Y(i), along with the external
values, makes it possible to determine the resonant frequency of slots of
different lengths and to trace this as a function of the position in the wall

of the waveguide [3].

As is well known, a slot cut in a waveguide disrupts the operational conditions
of the waveguide, causing the reflection of electromagnetic energy: a portion
of the energy is radiated, while the remainder travels further along the wave-
guide. Thus, a slot is a load for the waveguide, in which a portion of the
power is dissipated, equivalent to the radiation power. ’

For this reason, an idea of the influence of a slot on the field in a waveguide,
and correspondingly, of the equivalent circuit of a slot, can be obtained by
replacing the waveguide with an equivalent two wire line, in which impedances
are inserted in parallel (g + jb) or in series (r + jx) depending on the type
of slot. Thus, a longitudinal slot is equivalent to an impedance inserted in
parallel with the line, while a transverse one corresponds to a series connected
impedance [07]. When doing design calculations for slotted waveguide arrays,

a series resistance r, normalized for the characteristic impedance of the wave-
guide, is usually employed, as well as a parallel conductance, normalized with
respect to the characteristic conductance of the waveguide. Both r and g are
uniquely related to the external and internal radiation admittances of a slot
and can be found from the power balance condition in the slot cross-section

in the waveguide [2, 07].

An equivalent circuit of a rusonant slot (Figure 5.8a), cut arbitrarily in a
waveguide (III in Figure 5.1) can be represented by two sections of a two wire
line with an electrical length of A; and A, with a shunting conductance g [41.
The equality A; = -Ap is justified in this case, i.e., an arbitrary resonant
slot in a waveguide does not change the phase of the wave passing through.

The major types of slots which can be cut in waveguides and their equivalent
circuits are shown in Table 5.1; relations are also given for the equivalent
normalized resistances and conductances of half-wave slots in a waveguide. The
following symbols are introduced in Table 5.1: X is the generator wavelength;
Ag is the wavelength in the waveguide; a and b are the internal dimensions of
the waveguide.

The Resonant Length of a Siot. The formulas given in Table 5.1 for the equiva-
lent conductances and equivalent resistances of slots in a waveguide were
derived for half-wave slots. This length is close to the resonant length of a

- 109 ~

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0

FOR OFFICIAL USE ONLY

TABLE 5.1. e
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Key: 1. Arrangement of the slot;
2. Equivalent circuit;
3. Equivalent conductance or resistance.

slot for which the equivalent susceptance b and the equivalent reactance x are
zero. Since g and r change 1ittle close to resonance, the expressions for

g and r can also be used for resonant slots. The resonant length of a.slot

is slightly less than A/2, and is smaller, the wider the slot is. Moreover,
the resonant length of a slot depends on the displacement of the slot relative
to the center of the wide wall of the waveguide.

One can employ the calculated curves [07] shown in Figure 5.2 in a form conve-
nient for direct determination of the resonant length of slots, 21, to determine
the resonant length of a.longitudinal slot in the wide wall of a waveguide., The
data are given for a waveguide with a retardation factor of vy = A/AB = 0.67 for
three values of the slot width d;. It can be seen that the wider the slot is,
the greater the resonant length of the slot differs from A/2. For a fixed

slot width and a slight increase in the displacement x; of a longitudinal slot
relative to the center of the wide wall of a waveguide, the resonance length
increases, approaching A/2. With a further increase in the displacement of

the slot, its resonant length decreases.

The resonant length of a transverse slot in the wide wall of a rectangular 3 cm
band waveguide when x; = 0 is equal to 21 = 0.488 A [3], i.e., differs insigni-
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Figure 5.2. The resonant length of a Figure 5.3. The Q of a slot as a
longitudinal slot as a function of its rela-
function of its displace- tive width dj/A.
ment Xx,.

ficantly from a generator half-wavelength. Inclined slots in the narrow wall
have a resonant length equal to approximately half of the wavelength in free
space [01] (its precise value is usually chosen experimentally).

In design calculations for slotted waveguide arrays, it is important to know
the slot passband, which is characterized by the quality factor Q. The Q of
a longitudinal slot is shown in Figure 5.3 as a function of its relative width
d /A for a waveguide with a phase velocity retardation of y = 0.67 when the
center of the slot is shifted relative to the center line of the wide wall of
the waveguide by x;/A - 0.185. It follows from the figure that with a slot
width of dy/A = 0.05 - 0.1, its Q changes insignificantly and does not exceed
10, which with a high carrier frequency in the microwave band corresponds to
a considerable bandwidth (24£f/f = 10%).

The graph for the Q of a longitudinal slot as a function of its relative width
can also be used for a transverse slot in a roughly estimating its bandwidth.

The slot width in a slotted waveguide array is chosen by working from the
conditions for assuring the requisite electrical strength and the necessary
passband. When a slotted antenna operates only in a receive mode, the major
factor in the selection of the slot width is the bandwidth of the signals
being received.

When selecting the slot width dy, a safety margin of two or three times with
respect to the breakdown field intensity for the center of the slot should be
provided, where the field intensity, Egj,e, 1s a maximum (27 = A/2). This
safety margin is chosen by working from the structural design requirements and
the operational conditions of the slotted antenna:

- Unm L 1Y
Eslot = Ex= dy <(.2 3)E‘"" (5.2)
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where U_ is the voltage amplitude at the antinode; Epn [Ey1e] 18 the ultimate
value o? the field intensity at which electrical breaﬁdown begins (for air under
normal atmospheric conditions, E,3, = 30 KV/cm).

In the case of a uniform amplitude distribution over the antenna aperture, when
the power radiated by the antenna is divided»gqually among the slots:
g |

N Gy’ (5.3)
where P is the power delivered to the antenna; GE is the radiation conductance
of the slot; N is the number of slots. :

Up =

If the amplitude distribution over the aperture differs from a uniform distri-
bution, the slot which radiates the greatest power is to be determined for the
specified amplitude distribution. Knowing the distribution of the radiated
power over the antenna slots and the delivered power, it is not difficult to
calculate what fraction of the total power goes for a given slot. Substituting
the value found in formula (5.3) in place of P/N, one can find Up.

Finally, the slot width is determined from (5.2):

d>(2~3) Un/Enpere 3 (5.4)

If the slot is filled with a dielectric or covered with a dielectric plate, its:
electrical strength is increased [9].

5.3. The Types of Slotted Waveguide Arrays

Distinctions are drawn between rescnant antennas, nonresonant ones and antennas
with matched slots.

A/2
B2
- [
® .. VR I 1 T ._;._*3.
D m zzuf‘”ir] [l] L
LA
w32 o (a) fo/k
S . S SRS R S .~:3
j;u/z_] 7 (b)

Figure 5.4. A resonant antenna with transverse (a) and longitudinal
(b) slots.

In resonant antennas, the spacing between adjacent slots 1is equal to Ag (Figure
5.4a: the slots are coupled in-phase to the waveguide field), or Ag/2 (Figure
5.4b: the slots are coupled in an alternating phase fashion to the waveguide
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field). Thus, resonant antennas are in-phase antennas, and consequently, the
direction of maximum radiation coincides with a normal to the longitudinal
axis of the antenna. In-phase excitation of longitudinal slots placed on
different sides of the center line at a spacing of Ag/2 is assured by virtue
of an additional phase shift of 180°, due to transverse currents in opposite
directions on both sides of the center line of the wide wall of the waveguide.
In the case of inclined slots in the side wall, the additional 180° shift is
obtained by virtue of changing the direction of slot inclination (+§). Conse-
quently, the resulting phase shift for adjacent radiators in both cases proves
to be 260° or 0°, regardless of the type of load at the end of the antenna.

A resonant antenna can be quite well matched to the feedline in an extremely
narrow band of frequencies. In fact, since each slot is not individually

- " matched to the waveguide, all of the waves reflected from the slots are added
together in-phase at the antenna input and the reflection factor of the system
becomes large.. It is obvious that this mismatching can be compensated at the
antenna input by means of any tuning element, but since the matching is dis-
rupted with even small changes in the frequency, the antenna remains a very
narrow band type. For this reason, in the majority of cases one dispenses with

i in—phgse excitation of individual slots and the spacing between them is chosen
as d £ Ag/2.

A characteristic feature of the nonresonant antenna obtained in this fashion
is the greater bandwidth within which there is good matching, since individual
reflections are almost completely cancelled with the large number of radiators.

~d .48
‘aj—i4—5 ] il -’— Z»‘ (: ) -
| |
[ | ) i s [ ::)Il
s - — VLI PO (R X
} e !
| 1
) I o (b)
o 1 faenogerontan .
’ — soeoywe Absorbing load
(a) o a<dy ,/%:%‘!
le o= - .
e 1 F
RN R VAYL |
\ 1 X
) (¢) a (d)

Figure 5.5. Configurations of nonresonant slotted waveguide antemnas
with longitudinal (a, b), and transverse (c) slots in
the wide wall of a waveguide, as well as with oblique (d)
slots in the narrow wall of a waveguide.

However, when the spacing between the slots differs from AB/Z, this leads to
out-of-phase excitation of the slots by the incident wave and the direction

- 113 -

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0

FOR OFFICIAL USE ONLY

of the main radiation lobe is deflected from the normal to the antenna axis.
This deflection is most often small (with the exception of special cases) and
changes in the shape of the main lobe and the level of the sidelobes caused by
the deflection of the beam are still not noticeable. For this reason, the
directional properties of such an antenna can also be determined as in the

case of in-phase excitation, with subsequent accounting for the beam inclination
angle.

A terminal absorbing load is usually installed to eliminate reflections from the
end of a waveguide. Circuits of nonresonant antennas with in-phase coupling

of the slots are shown in Figure 5.5 (Figure 5.5a, c) as well as with alternate
phase coupling (Figure 5.5b, d) to the waveguide field, where the slots are cut
in both the wide and in the narrow walls of the waveguide. In all cases, the
phase distribution in the antenna can be considered linear if the mutual coupling
of the radiators via both the internal and external space is not taken into

. account. | /2 r.”f"ﬂ/z; )

1 Figure 5.6. Inclined slots in the narrow wall of a waveguide.

While the slotted waveguide arrays
shown in Figure 5.5a~c have a radiation
field with only the dominant polariza-
tion, antennas with oblique slots in
the narrow wall (Figure 5.5d) alsc have
a field with parasitic polarization.

<ty
=g
N
=
ii;:d

G4 -
l
L

Figure 5.7. A slotted antenna with
obliquely displaced matched
slots.

The direction of the transverse currents
in the narrow wall of a waveguide and
the field intensity vectors for the
electrical field excited in two oppo-
sitely inclined slots (+8) where the
spacing between them is Ag/2 is shown
in Figure 5.6a with the arrows. The radiation of such slots is determined by
the horizontal components of the field intensity vector of the slots (Figure
'5.6b). The vertical components produce a parasitically polarized field. To
reduce the parasitic component of the radiation field, the inclination angles
of the slots must be made § < 15°, for which the power lost to parasitic
polarization amounts to less than 1%. However, this limits the possibility of
obtaining the requisite normalized conductances of the slots, g. For this
reason, special steps are taken in practice [01] to suppress the parasitic
polarization field.

In antennas with matched slots, each slot (longitudinal, transverse or obliquely
displaced) is matched to the waveguide by means of a reactive dipole or a stop
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and does not produce any reflections. Consequently, a traveling wave mode is
established in such antennas with a terminal absorbing load. A schematic of
an antenna with obliquely displaced matched slots is shown as »n example in
Figure 5.7. In such antennas, good matching to the feed waveguide is obtained
in a wide passband (5 to 10%). In the case of obliquely displaced slots in
the wide wall of a waveguide, through the choice of the inclination angle §
and the displacement x;, the normalized conductance of the waveguide in the
cross-section of the slot is made equal to unity and the susceptance existing
in this cross-section is cancelled out by means of a reactive stub. Since the
stub is installed in the waveguide section, passing through the center of the
slot, with a change in the frequency there is a simultaneous change in the
susceptances of the stub and the slot and their mutual compensation takes place
in a certain range of frequencies. With a substantial change in frequency,
the antenna likewise remains matched to the feed waveguide, since it becomes

a nonresonant one.

The spacing between matched radiators in an array with alternate phase coupling
of the slots is usually taken equal to A,/2 at the nominal frequency. The

direction of the maximum radiation in th%s case is perpendicular to the axis of
the waveguide. :

5.4. Methods of Designing Slotted Waveguide Arrays

There are several methods of designing slotted waveguide arrays. Strict design
techniques entail considerable mathematical difficulties, and for this reason
they are not used in engineering calculations and in synthesis problems.
Approximate methods are usually employed in engineering calculations.

Approximate design calculations can be performed for slotted waveguide arrays
by means of the energy technique of [07], which does not take into account the
mutual coupling of the slots via the internal and external spaces. It is
assumed that the phase shift between adjacent radiators through the feed wave-
guide is equal to the electrical spacing between them of 2nd/AB, while the phase
distribution in the antenna aperture is linear. However, because of the external
‘ and internal mutual coupling of the slots in the waveguide, there is a substan-
tial deviation of the amplitude-phase distribution from the requisite distribu-
tion, while the attainable directional pattern deviates from the specified one,
which is primarily due to the cross coupling of the slots via the dominant mode

[51.

The method of recurrent relationships of [6] takes mutual coupling of the slots
via the dominant mode in the feed waveguide into account and provides for a
better approximation of the specified distribution in the antenna aperture by
the feasible distribution as compared to the energy technique.

The most precise design calculations for slotted waveguide arrays can be
performed using the method of successive approximations of [07], which takes
into account both external and internal iuteraction of the slots in the wave-

guide (via the dominant and higher modes). However, the design calculations
are more complicated in this case.
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We shall consider the method of recurrent relationships and the energy technique
for design calculations of slotted waveguide arrays.

Uy

[JIJ?W}FJ?"’— J [ Ay=a¥ g, *"5”.[
o i 9 (b) 4 T
Figure 5.8. The equivalent circuits of a resonant slot, arbitrarily

cut in the wall of a waveguide (a), and a slotted
waveguide array (b).

The Method of Recurrent Relationships [6]. The equivalent circuit of a slotted
waveguide array with arbitrary resonant slots in the form of a two wire line
with shunting conductances is shown in Figure 5.8b. The spacing between adja-
cent conductances is composed of the distance between the slots and the two
wire line sections incorporated in the equivalent circuit of the slots. We
designate the complex amplitudes of the incident and reflected wave voltages at
_ the input as “:—1 and up.), and use the symbols ut and uy for the complex
amplitudes of the incident and reflected waves at the output of the n-th four-
pole network, into which the equivalent circuit of the antenna is broken down:

€k = Ancy + Baci, k= A+ Bay
u;— = Cﬂ—l '*' lel--ll '-Zn=Cn+j Dn-' (5'5)

By using four-pole network theory, one can establish the fact that the real
components A, _j and C,_; and the imaginary component B,_7 and Dp-]1 of the
complex amplitudes of the incident and reflected voltages at the input of the
n-th four-pole network are expressed as follows in terms of the real A, C,
and imaginary B, and D, components of the complex amplitudes of the incident
and reflected voltages at-the output of the same four-pole network:

Ay = (1 + %) (An cos Ay—Bysin A,) +£2(Cycos 8, —D, sifi Ay),

Bay = (l - —‘;ﬂ) (A, sin1 A, - Bn cos A,) -1-%(0,. sin &, 4- D, cos A,),!
' (5.6
Crr= ( — %‘) {Cpcosd, 4D, sinA, ——%(A,,cos A, 4 B,sinA,),)

Dpy =( — —l;-'l) (D,cosA, —C,5inA,)-+ %(A,. sinA, — B, cos A,). .6)
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>

Here, g, is the normalized conductance of the n-th slot; A, = Adn + Aén—1)+ A{n)
is the electrical spacing between the (n-1)th and the n~th conductances in the
equivalent circuit; Ag, is the electrical spacing between the slots along the
waveguide; Af“) and Az(“"l) are the electrical lengths which are due to the
equivalent circuit of the n-th and (n-1)th slots.

Taking into account the symbols which have been introduced, the radiation power
- and phase of the field radiated by the n-th slot are as follows respectively:

Py = ut--ur gn =UAn -+ Ca ) +(Bu+ D) g (5.7)
) ®, = + - BntDn (5.8)
arg (ut -+ ;) —arctg Y =+ kn,

where k = 0, 1, 2, ...

Using formulas (5.6) - (5.8), one can perform the design calculations for a
slotted waveguide array taking into account the mutual coupling of the slots
via the dominant mode and without taking their interaction into account via
the external space or via higher order modes.

The distributions of the radiated powers P, or the amplitudes F(z,) (zp is the
coordinate of the n-th radiator) as well as the phases ¢, of the fields radiated
by each slot are usually specified in the design of slotted waveguide arrays.
The distribution of the radiated powers should be normalized so that:

N
3P, =1—x, (5.9)

- n=1

where the power at the input to the antenna is taken equal to unity (Pg = 1);
K = PL/PO is the ratio of the power absorbed in the load Py to the power at
the antenna input Pg.

Since the amplitude distribution f(zp) is related to the distribution of the
powers P, by a certain normalizing factor o:

Pn=0f’(zn)v (5-10)

then by substituting the value of P, from (5.10) in formula (5.9) instead of
P,, we obtain:

o= (1—%) ﬁﬁml (5.11)

N
After determining }ﬂr(zn from the specified distribution and the known
ne .

relative value of the power absorbed in the load (usually, x = 0.05 - 0.1 to
obtain the maximum antenna gain), the normalizing factor ¢ is found, and conse-
quently also the power radiated by any slot P, [formula (5.10)], given the
condition that the power at the antenna input is taken equal to unity.

The design of an antenna in the case of a specified amplitude distribution
(antenna synthesis) is managed using an equivalent circuit (Figure 5.8) from
the antenna end, i.e., from the last N-th four-pole network. The electrical

spacing between the slots is considered to be specified and constant in this
case.
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If there is a matched load (gy = [gload] =1, uy = 0) following the last N-th
slot in a nonresonant antenna, then in expressions (5.6) By = Cy = Dy = 0 and

= Yk. Then we obtain for the normalized conductance of the last N-th slot
from formula (5.7):

gnv = Py fx. o
N | (5.12)

The phase of the field radiated by the last slot is taken equal to zero (see
equation (5.8)). The quantities Py and x included in formula (5.12) are known:
the power Py is determined by expression (5.10) while ¢ = 0.05 - 0.1 in the
usually employed antennas of the type considered here.

Then, by using expressions (5.5) - (5.7), the real and imaginary components of
the complex amplitudes of the incident and reflected waves are calculated: Ay.j,
By-1» Cy-1 and Dy_j at the input to the N-th four-pole network, and consequently
also the conductance of the (N-1)th slot:
Py.y
) ON-y =7 — . 5.13
(ANt 1 Cne Vol (Baeey - F Dy ) ( )

By sequentially applying formulas (5.6) and (5.13) with the preliminary substi-
tution of the current subscript n in the last formula for the subscript N-1,
we determine the parameters of the equivalent circuit of the antenna.

The quantity 4, = Aé“'1)+ Adp + Af“) takes on a simpler form, A, = Ady, if N
1ong§tudinal slots are used in the wide wall of the waveguide for which A n) =
-Aﬁ“ =0 ( igure 5.8a) [4] or transverse slots in the wide wall, for which A?n)
= 1/2 and AE“ = -n/2. In the case of more complex slots (for example, obl{ﬂgely
displaced slots in the wide wall of a waveguide), the quantities A 1) and As

are determined by the expressions given in [4]. '

| The deviation of the phase distribution in the'antenna aperture from a linear
distribution, which is caused by the mutual coupling of the slots via the
dominant mode in the waveguide, is calculated from the formulas:

a(p::i_: d (N —n)— D, (5.14)

in the case of slots coupled in phase to the waveguide field, and

2n
6([)-_:(1—“ d- n) (N—n)—®, (5.14a)

in the case of alternate phase coupled slots, where ¢, is the phase of the field
radiated by the n~th slot [formula (5.8)].

In calculations using formulas (5.14) and (5.14a), the number k in expression
(5.8) is chosen so that the difference between the quantities appearing on the
right sides of formulas (5.14) and (5.14a) will be the least.

One can correct the phase distribution in the aperture by changing the spacing
between the radiators d or by using more complex slots, but there no need for
this, since in the given design method, the external mutual coupling of the
slots and mutual coupling via higher modes have not been taken into account.
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The method of designing slotted waveguide antennas using'the recurrent relation-
ships (5.6) is applicable for any number of radiators in nonresonant antennas
and for any amplitude distribution over the aperture.

However, with a large number of radiators in an antenna, i.e., in a long* anteti-
na, its design is simplified. In fact, with a large number of slots, their
coupling to the waveguide proves to be rather weak and the reflections from the
slots are neglectably small. Moreover, since in a nonresonant antenna, the
adjacent radiators are excited with-a slight phase shift, then at the antenna
input, practically all of the waves reflected from the slots cancel each other
out and the input impedance of the antenna remains close to the characteristic
impedance of the feed waveguide in which a mode is established which is close

to the traveling wave mode.

In this case, one can use the energy technique to calculate the parameters of
the antemna. We shall indicate the approximate limit of applicability of this
technique for nonresonant antennas.

The design calculations for a slotted wavegulde array where N = 12 for a speci-
fied amplitude distribution [6] using the emergy technique and the method of
recurrent relationships have shown that in the case of short antennas (N = 12),
the energy technique yields too rough an estimate: the error in the feasible
distribution of the powers relative to the specified value in some radiators,
reaches +30%. Moreover, the amplitude distribution proves to be asymmetrical.
For this reason, in an approximate design of an antenna for a specified ampli-
tude-phase distribution using the energy technique, one should roughly take
the number of radiators as N > 15, if the power absorbed in the matched load
is k = PL/P = 0.05 - 0.1. In the case of a greater power dissipated in the
load, the number of radiators N is correspondingly reduced.

The Energy Method for Design Calculatioms.

Nonresonant Anternas. Formula (5.10) determines the relative radlation power
of any n-th slot (i.e., the radiation power Py referenced to the power delivered
to the antenna P, which is taken as unity): :

[ —
Pn=0f2(2")==—N———x——,2(Z").
2 2 (zn)
. » ni={
The factor l-k in the numerator of this expression, without taking into account
the losses in the walls of the waveguide, is phe antenna efficiency np; there-

fore: . "
Pn?T_A—f!(zn)'

\1

& e (5.15)
Considering the relationship [07] between the relative radiation power Pn, the
slot coupling factor to the waveguide, o, and the slot conductance gn:

*We will conditionally understand a long antenna to be one in which the per
unit length radiation power is low.
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ay Py e, = _DPn —_
S B O e R (5.16)

,._N“.(Zn/(l-—(ln), (5.17)

One can initially determine the relative radiation powers P, of all of the slots
based on the specified amplitude distribution as well as the antenna efficiency
by means of iterative conversion calculations from the last N-th slot to the
first, and then the coupling factors a,, and finally, the equivalent normalized
slot conductances, g, (5.17). Based on the known slot conductances, the coupling
elements are determined, i.e., the displacements of the slots relative to the
waveguide axis, xj, or their inclination angle, § [see § 5.2, Table 5.1].

In the case of identical slot radiators (an exponential distribution of the
field amplitudes over the antenna), when the equivalent conductances (or
resistances) of all of the slots are equal, formula (5.17) can be used to deter-
mine them from the specified np, where: '

N .
a~:.—.1 —V l..._.nA . (5»18)

Resonant Antennas. A resonmant antenna with arbitrary resonant slots and a
spacing of d = Ag/2 between them (or d = Ag) is designed by the energy technique,
which consists in the following. If the amplitude distribution is designated
as f£(zy), just as before, and one takes into account the fact that all of the
slots are resonant, then the equivalent normalized conductance of the n-th slot

is [05]: I J |
= 3 2 nr
& = Gl (2) / "Z;‘.‘f (2 (5.19)

The antenna conductance ggy [84n] incorporated in the formula is chosen so as
to assure good matching of the antenna to the feed waveguide. Thus, the value
84n can be chosen equal to unity.

Antennas with Matched Slots. As was indicated in § 5.3, obliquely displaced
slots in the wide wall of a waveguide are used along with simple slots, where
the former slots are characterized by two geometric parameters: the displace-
ment x; and the rotation angle 8, by means of which one can independently

adjust the amplitude and phase of the field radiated by the slot. Matched
obliquely displaced slots for which there is no mutual coupling of the radiators
via the dominant mode are of the greatest practical interest, since there are

no reflections from the radiators and a traveling wave mode is established in
the antenna, the designing of the antenna for a specified distribution is '
accomplished by the energy technique using the formulas for nonresonant antennas.

The methods set forth for designing slotted waveguide arrays with slots equiva-
lent to parallel conductances, g,, inserted in a line equivalent to the wave-
guide, algo remain valid for slots equivalent to resistances r,, which are

- inserted in series in the line. For this reason, the design calculations for
an antenna are performed in a similar manner, with the condition that the
normalized resistances rp are substituted for the normalized conductances g,
in the appropriate expressions.
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5.5. Matching a Slotted Waveguide Array to a Feed Waveguide

The matching of a slotted waveguide array to the waveguide feeder is usually
judged based on the value of the reflection factor from the antenna input.

In the case of a nonresonant antenna with a terminal matched load, the reflec-
tion factor from the antemna input is [05]:

N
= 5 (e Fimyexn (i 5 2na) |
[ L j 2nd
po_ A (5.20)

N
1
! +'§l "2" (gn"}‘lbn)

where g, + jb, is the total equivalent normalized admittance of the n-th slot.

In the case of identical slot radiators, where the admittances of all of the
slots are identical, this expression assumes the form:

L = 2
2 (g-+10) ele[ i " (N-H)d] sln(L;nNd) . | (5.21)
L Ng+]b) Nsln(-"—d)

n

It follows from formula (5.21) that the reflection factor takes on a value of
zero (Kg, = [SWR] = 1) when 2nNd/Ag = m(N + 1). The spacing between the slots,
d, is determined from this so that throughout the entire range of change in

A, there is no resonant excitation of the antenna and higher order major lobes
do not appear in the directional pattern:

d<(N—1)\ymia I2N. (5.22)

Formula (5.22) was derived for the special case where the admittances of all of
the slots are equal. If the admittances of the slots in the slotted waveguide
array are not equal, then the formula cited here can nonetheless be used for

a rough determination of the spacing between the radiators.

In the case of a multiple slot resonant antenna, a short circuiting piston

at its end is frequently employed to assure its matching to the feed waveguide
(SWR = 1) for any amplitude distribution in the aperture. When the spacing
between the radiators is AB/Z (or Ag) and the spacing from the center of the
last slot to the piston is Ag(2p - 1)/4 in the case of longitudinal slots and
ABp/Z in the case of transverse slots (p =1, 2, ...), the reflection factor

at the antenna input is zero, if the sum of the admittances of all of the slots

N
% (gt i) L
P
. 5.6. The Influence of a Change in Frequency on Antenna Characteristics
A consideration of the expression for the reflection factor (5.20) from the
antenna input shows that when the frequency changes, both the quantity (Zn/AB)
2nd and the total admittance of each slot g, + jb, also change.

Calculations and experiments show that with slight changes in the frequency,
the deviations of the slot admittances from the nominal values are small and
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a change in the electrical spacing between them (2md/Ap) exerts the main
influence on the change in the reflection factor, and consequently also on the
SWR. The SWR of a slotted waveguide array [05] is shown in Figure 5.9 as a
function of the change in the electrical spacing beiween the radiators when the
frequency changes. When selecting the spacing between slots using formula (5.22),
the working band of the antenna falls outside the "main lobe" of the SWR, defined
by the value K, = [SWR] = 1, and the matching is good. The working band of
resonant antennas falls in the region of the "main lobe" of the SWR (Figure 5.9),
something which determines the sharp change in the reflection factor when the
frequency changes.

A frequency change has an impact not only on the antenna matching, but also on
the directional characteristics. When estimating the influence of a frequency
change on the radiation, the radiative properties of individual elements can
be considered to be independent of frequency in a first approximation [01], just
as when investigating questions of matching. In this case, a frequency change

- leads to beam rotation in space, because of the change in the phase change along
the waveguide, and this deflection of the beam can be calculated from formula

_ (5.26). . ‘ Ko R, = SWR
: f IE\T- P |, N —
V=75
- Vi -4 - e imaeed
60 65 770 775 780 785 790 795 2md

F,Jﬂlli
Figure 5.9. The standing wave ratio in the waveguide -feeder for
a slotted waveguide array as a function of the
electrical spacing between the slots.

5.7. The Directional Properties of Slotted Waveguide Arrays

The same methods are used to calculate the directional patterns of slotted wave-
guide arrays as for the calculation of the directional patterns of multiple
dipole antennas. In this case, the shape of the directional pattern is governed
by the amplitude-phase distribution in the antenna aperture.

The following kinds of amplitude distributions are the ones most frequently used
in practice: uniform, symmetrically decaying relative to the antenna center and
exponential. The phase distribution is most often linear.
The normalized directional pattern of a linear array of radiators can be written
in the form:
FA0, @) == 1 (0, ¢) F, (0, ¢),
(5.23)
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where £;(8, ¢) is the directional pattern of a single radiator; F, (6, ¢) is the
antenna array factor, which depends on the number of slots in the antenna.

We shall give expressions for the antenna factor for various amplitude distribu-
tions in the antenna. In the case of a uniform amplitude and linear phase
distribution over the length of the array:

F (0)= sin (Mp/2)
n(0) TR (5.24)

where p = kod sin 6 -y, is the phase shift between the fields produced at the
observation point by adjacent radiators; kg = 2n/) is the phase constant of

free space; 0 is the angle read out from the normal to the line of position of
the slots (Figure 5.10); ¢ ; is the phase difference between adjacent radiators
along the feed system; N is the number of slots. In an in-phase antenna, vy =

0; in a nonresonant antenna with in-phase coupling of the slots to the waveguide,

Y1 = Zvd/AB; and in the case of alternate phase coupling, y; = 2nd/AB - 7.

1f the field distribution in the aperture of a discrete linear array of radiators
is exponential, then:

sh (E/N) sindu-|-shd §
shi sind (u/N) -she (§/N)

F,(0)= (5.25)*

where £ = aL/2 is a quantity which
characterizes the nonuniformity of the
amplitude distribution in the aperture;
o =0y + oo is the attenuation constant,
due to radiation losses as well as losses
in the waveguide walls, Np/m; in a wave-
guide with low losses, agp << ay and
a = oy} L = Nd is the length of the
antenna array; u = 0.5 kgL(sin 6 - sin
Figure 5.10. The readout of the angles Opain) is the generalized coordinate;
in calculating the direc~ Opgin is the direction of the main lobe
tional pattern of slotted of the antenna directional pattern.
waveguide arrays.

The deflection of the main lobe of the
directional pattern from the normal to the line of position of the radiators
is determined from the formula:

sin 0, = v — pA/d,
Agin - (5.26)

where y = A/Ag is the retardation of the phase velocity in the waveguide; p = 0
applies to slots coupled to thé waveguide field in phase, and p = 0.5 is for
alternate phase coupled slots.

The following obvious relationship can be employed to determine thé attenuation
constant ayg: :

*The formula was derived by G.A. Yevstropov and G.K. Fridman.
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uyz—L4u£l.

oNd P, :
In the case of antennas with a symmetrical amplitude distribution relative to
the center which falls off towards the edges (for example, a cosine distribution),
the calculation of the directional pattern in the case of a large number of
radiators involves labor intensive computations. In this case, one can use the
factor for an antenna with a continuous distribution of omnidirectional radiators,
Fp,(0) [7], since the directional pattern of a discrete array and a continuous
one practically coincide when N > 6 (d = A/2):

1 [Ao sinu _I__il_x[sin(u-nl'z) +

ﬂ@gh@:

Am~|—2ﬂ|lu u 2 u;ﬁ‘lz (5.27)
) _sin (u—l-a_/_2l’
‘ u-n/2 J}'

where Ay is the amplitude of the field at the edges of the antenna.

When the amplitude distribution over the antenna is referenced to unity: A; =

1 - Ag. The directional pattern of a single slot F1(6) in the YOZ plane, which
passes through the line of position of the radiators (Figure 5.10), can be
determined from the formulas for the directional pattern of a slot in an infinite
shield in the case of engineering calculations: for a longitudinal slot, Fl(e)

= [cos ((rv/2) * sin 8)]/cos 6, and for a transverse slot, F;(8) = 1, since the
antenna length is usually great (several wavelengths), and moreover, the direc-
tional properties of an antenna in this plane are determined primarily by the
array factor Fn(6).

When determining the directional pattern in the transverse plane (YOX in Figure
5.10) for an antenna with longitudinal slots in the wide wall of a waveguide,
one must consider the fact that the finite dimensions of the shield (the trans-
verse dimensions of the waveguide) have a substantial impact on the shape of
the directional pattern [07]: the limited nature of the shield imparts a .
directional nature to the radiation: the field in the direction of the shield
is reduced to approximately 40 to 50% relative to the value of the field in the
direction of the directional pattern maximum.

In order to simplify the determination of the directional pattern of a slot in
the plane normal to its longitudinal axis (the YOX plane), it is convenient to
replace the waveguide with a flat strip of the same width [06]. It then turns
out that for a waveguide width of a = (0.7 - 0.8)A, the directional pattern will
be close to any of the patterns depicted in Figure 5.11.

In the case of transverse slots in the wide wall of a waveguide or slots which
are inclined in the narrow wall, the directional pattern in the YOX plane can
be approximated from the formulas for the directional pattern of a slot in an
infinite shield, since the shield dimensions in the direction of the slot axis
have little influence on the directional pattern in either the E-plane or the
H-plane of the slot [07].

Formulas are given in Table 5.2 for the determination of the width of the
directional pattern of in-phase slotted waveguide arrays and the levels of the
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; Figure 5.11. Calculated directional patterns of a half-wavé slot
in the E-plane for various dimensions of the rectangular
- shield. :

first sidelobes are indicated for various amplitude distributions in the antenna.
One can also use the indicated formulas in the case of nonresonant antennas,
since the spacing between the radiators in such antennas (5.22) differs insigni-
ficantly from the spacing in in-phase arrays and the angle of beam deflection
from the normal to the array is small.

TABLE 5.2.
0 Yporenb
"0 o
, Annamrysnoe pacnpenenenne 209,56 6":3::;,.0 B(l )
1 Amplitude Distribution Jenectxa, A
Paﬁuonepnoe Uniform 5IA/Nd —13,5
SKcuoNeIHaALIOS (% = P, |Py==10,05) [ 54,4 ANd | —12,1
Exponential . :
Kocuityconnansioe; aMnaRTYAa 1OAR 1a Kpasx a- |
TeHN: ‘
= ~0,5 56 MNd —17,8
2;;:8'&‘,’2 '1)0' ) (2) 68 A/Nd —23.6

Key: 1. Level of the first sidelobe, dB;
2. Cosine; the amplitude of the field at the antenna edges.

In those special cases where ‘it is necessary to deflect the beam considerably
from the normal to the array, the effective length of the aperture L. ¢f = Ndcos
8main i to be substituted in the formulas for the directional pattern width,
208g.5, in place of the antenna length L = Nd.

The directional gain of an antenna with alternate phase slots in the wide or

narrow walls of a waveguide when y = A/Ag < 1 and d = Ag/2 = (0.6 - 0.9)A is
determined by the approximate formula: '

| . Dy 22 gy (3 -1- wN/A), (5.28)
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where v = 2 for longitudinal slots in the wide wall and v = 4 for oblique slots
in the narrow wall of a waveguide (when § < 15°).

The aperture utilization coefficient, gy, incorporated in formula (5.28) depends
on the amplitude distribution in the antenna: in the case of a uniform distri-
bution, gg = 13 with an exponential distribution gg = 0.85 and 0.92 respectively
for « = Py /Py = 5% and 10%; with a cosine distribution, gg = 0.81 and 0.965 for
Ag = 0 and Ay = 0.5 respectively.

The directional gain of an antenna can be estimated using formula (5.28) during
scanning, if the beam deflection angle 6.;, < 40%, d/Xx < 0.6 and the antenna
length is L = Nd >> A, since a change in the antenna directional gain during
scanning in the indicated range, because of the change in the effective length
of the aperture, is compensated in that a linear antenna becomes directional

in two planes when Bp,in > 90°, while for 8gain = 0, the antemna is directional
in one plane [03].

In contrast to a linear array, a planar array of radiators is directional in both .
main planes, and for this reason, its directional gain during scanning begins

to fall off immediately because of the reduction in the effective aperture of

the array. . : ' )

The efficiency of a nonresonant slotted waveguide radiator, np, can be computed
from formulas (3.8) or (3.11). ‘

Since a short-circuiting piston is usually installed in a resonant antenna instead
of an absorbing load, its efficiency is higher than the efficiency of a nonreso-
nant antenna of the same dimensions. With known values for the efficiency and
directional gain of an antenna, the overall gain is G = Dgny.

5.8. Possible Structural Configurations for Slotted Waveguide Arrays and Struc-
tural Design Examples

Depending on the function of an antenna,
it can be constructed in the form of a
linear or planar slotted waveguide array
or consist of a set of linear slotted
arrays, arranged along the generatrices
of the surface of an aircraft (Figures
5,12 ~ 5.16). A schematic depiction of
a portion of a linear antenna with
oblique slots in the narrow wall of the
: waveguide, which is used in marine radars,
Figure 5.12, Inclined slots in the is shown in Figure 5.12. To attenuate
narrow wall of a waveguide the parasitic component of the radiation
with isolating metal pro- field of such an antenna, which is polar-
jections between the ized perpendicular to the axis of the
radiators. waveguide, metal isolation projections
[01] are installed between adjacent slots.

By utilizing the basic concepts of wave
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T From the generator
adm cewenamane

Figure 5.13. A nonresonant slotted waveguide array with slots in
the side wall of the waveguide.

Short-circuiting
piston

Hopomno3ars/Neroued
nopULERs

BoICoNONaCTIOMNOIG
ket RF connector:

From the transmitter
\ om nepedemvane

Figure 5.14. A nonresonant slotted waveguide array with longitudinal
slots in the wide wall of the waveguide.

attenuation in an overmoded waveguide in the case of propagation between para-

1lel metal plates [8] and knowing the spacing between the slots, one can deter-
mine the spacing between the projections d0 (Figure 5.12), their length 1; and

thickness t.

Examples of the structural design of nonresonant slotted waveguide antennas with
‘ oblique slots in the narrow wall of the waveguide when they are excited from
‘ a rectangular waveguide (Figure 5.13) as well as with longitudinal slots in the
wide wall when fed by a coaxial cable (Figure 5.14) are shown in Figures 5.13
and 5.14. : ,

An example of the structural design of a slotted waveguide array with electro-
mechanical scanning (with a removable upper slotted wall) is shown in Figure 5.15.

One of the variants of a two dimensional slotted waveguide array {[9] consisting
of eight parallel waveguides, in each of which ten dumb-bell slots are cut is
shown in Figure 5.16a. As compared to conventional rectangulars slots, dumb-bell
slots have a greater bandwidth [07]. A specific feature of the antenna is the
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INENITIID -
dbueamenn

From the
electric
motor

om cewenmmopn EEOD the generator

- Figure 5.15. An electromechanically scanned slotted waveguide array.

Key: 1. Housing;
2. Upper wall with the slots;
3. Moving metal projection - "knife";
4. Absorbing load;
5. Cover for the beam steering mechanism;
6. Cam; .
7. Push rod;
8. Return mechanism link;
9. Return spring housing;
10. "Knife" guide bearing.

IHHH‘—OHH’—‘HHH—-—I ) < Ve
lo—co—oHHHH"‘""‘"“"“l -
N,
oo o= e e ot 1 o o—e oo o ] 2 7N
IT—oo-oH'-oA—O'HH*—‘HH'l

o (a) o (b)

Figure 5.16. The antenna of an aircraft navigation system (a) and
its directional patterns (dashed lines) (b).

fact that the even and odd waveguides are fed from different sides by means of
power dividers and the entire aperture is used to generate four beams (Figure
5.,16b). Such antennas are used, for example, in aircraft independent Doppler
navigation radars, intended for determining the speed and drift angle of an
aircraft.

For protection against atmospheric precipitation and dust, the aperture of the
slotted waveguide -array is covered with a dielectric plate or the entire radia-
ting system should be housed in a radiotransparent fairing.
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5.9. A Sample Design Calculation Procedure for Slotted Waveguide Arrays

When developing or planning slotted waveguide arrays, the starting data, for
example, can be the width of the directional pattern in the two main planes
or in one of them (290 5) and the level of the sidelobes; and the directional
gain Dy.

We shall deal with the design procedure for the following variant: the direc-
tional pattern width is specified in one or two main planes as well as the
sidelobe radiation level.

The type of slotted waveguide antenna is chosen at the outset. If the angular
position of the main lobe of the directional pattern, 6p.i,, is specified and

the antenna should provide for operation in a band of frequencies, a nonresonant
antenna is chosen. However, if according to the design specifications, the
antenna is a narrow band one, but should have a high efficiency, a resonant
antenna is preferable. Then the spacing between the radiators is found in the
waveguide selected for the construction of the antenna and the specified band

of frequencies. In a resonant antenna with alternating phase slots, d = AB/Z,

In a nonresonant antenna, the quantity d can be chosen in two ways. If the
position of the main lobe of the directional pattern in space, 6,4, 1s specified,
then the requisite value of d is found from formula (5.26). If the angle 6.,
is not specified though, then the spacing between the radiators is chosen from
the condition that d < AB/Z, as well as to assure that there is no resunant
excitation of the antenna at the edge frequencies of the specified band (5.22).
Then, the amplitude distribution for the antenna is selected which assures a
directional pattern with a specified sidelobe level. Based on the now known
amplitude distribution, the length of the antenna is found (and correspondingly,
the number of radiators), which assures the requisite half-power level directional
pattern width (see the formulas in Table 5.2).

Then the design calculations are carried out in the following order:

1. Based on the overall equivalent circuit for the antenna (Figure 5.8b), the
equivalent normalized conductances, g, (or resistances ry), are computed for
' all N slots of the antenna (see § 5.4);

2. Knowing g, or Ty, the displacement of the center of the slots relative to the
center of the wide wall of the waveguide, X1, OT their inclination angle in the
side wall, §, is determined from the formulas of Table 5.1.

3. Having calculated the radiation conductance of the slot in the waveguide, GZ
(i.e., the external conductance), the voltage at the antinode Up (5.3), and
consequently also the slot width dy (5.4) are determined from the known value
of the power at the input (in the case of a transmitting antenna).

4. With a known position of the slots in the waveguide wall and their width,
the resonant length of the slots in the waveguide is found from the data of § 5.2,

5. The directional pattern (see § 5.7), the directional gain and overall gain of
the antenna are calculated. ‘

s

,
/
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Besides the electrical design of the antenna itself, design calculations are also
performed for the feedline and exciter; when called for by the design specifica-

tions, the requisite type of rotating joint is selected and its main characteris-
tics are determined.
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. ACCOUNTING FOR MUTUAL COUPLING EFFECTS IN SLOTTED WAVEGUIDE ARRAYS

As has already been noted in Chapter 5, the energy and recurrent techniques of
design calculations for slotted waveguide arrays (VShchR) do not assure the
practical veasibility of antennas with the anticipated parameters in many cases.
This applies primarily to arrays with a low sidelobe level in the directional
pattern and is explained by the fact that in the indicated techniques, many electro-
dynamic factors are not taken into account which occur in the actual antenna
structure.. It has been determined as a result of specific calculations and experi-
ments that the limit of applicability of these methods for arrays with a compara-
tively small number. of radiators (up to 30) in each waveguide [1, 2] can be con-
sidered a directional pattern level of roughly* -15 dB.

To illustrate this fact, experimentally measured directional patterns and direc-
tional patterns calculated by the energy and recurrent techniques for typical
nonresonant alternating phase slotted waveguide arrays with different numbers Nj
of longitudinal slots in the wide wall of the waveguide are shown in Figure 6.1.
In these antennas, the identical amplitude-phase distribution of the field in the
aperture of the arrays, V,, was specified as:

n
V =y -—U, S 2
n [l 095cos(nN

! )] exp [--jred (n—1)sin0pn], 1< n <Ny, 6.1)

1

where 6., [B8pain] 1s the angular direction of the main beam of the directional
pattern; d = 0.575\ is the step of the array; k = 21/A is the wave number.

An analysis of the calculated and experimental results makes it possible to con-
clude that it is necessary to study and take into account electrodynamic factors
which are significant in the practical realization of directional patterns with a
low sidelobe level.

The work which has been done at the present time shows that such factors include
[1-5] nonresonance of the slots, internal mutual coupling of the slots via higher
modes, finite thickness of the waveguide walls, and external mutual coupling of

the radiators. It is apparent that all of these factors influence the directional
pattern in different ways. For this reason, before working out an engineering
procedure for taking them into account, it makes sense to conduct a differential
analysis of these effects and to compare the results obtained with the experimental
data.

It is procedurally expedient for the further presentation of the material to
adduce the example of -antennas with slots in the wide wall of the waveguide, which
are widely used in practice.

L3
"Roughly, because it depends on the form of the amplitude distribution of the
field in the array aperture.
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Figure 6.1. The directional patterns of slotted waveguide arrays.

Key: The solid curves are for experimental data; .
The dashed curves were calculated using the recurrent method;

The dotted curves were computed using the energy technique;
The dashed-and-dotted curves were computed taking into
account the nonresonance of the .slots and their mutual

coupling via higher modes.

; 6.1. Basic Relationships

‘ Initial Equations. Let a system of N] arbitrarily oriented narrow slots be cut in
the wide wall of a rectangular waveguide, excitdd by sources located inside it.

As shown in Figure 6.2, we shall introduce in each of them a local system of
cartesian coordinates with the OYp axis directed along the normal to the surface
of the wide wall of the waveguide. Then the complex amplitudes of the voltages

Vp in the slots, for the case of known distributions of these voltages ¥p (zp) can
be found from the following system of linear equations, which take into account

electrodynamic effects of external mutual coupling [6]:

| .
N, .
‘\-_‘, VaYmn=—=Fm, 1 <m LN, (6.2)

and internal mutual

is the internal mﬁt)teto-

where Yy = Y,Sﬁ) + Ygi); Y,g:el) and ngrji) are the external
and

admittances of the m~th and n-th slots respectively; Fp
motive force, applied to the m-th slot. The general formulas for Y,Sg), Yon

F, are kmown [6]:
!

m
i ”1-5‘1,,. Yo (2m) l|§;) (2m) d7ps .9
‘m
YO o [ Y (2m) HY (2m) d2ms :
—Im (6.4)
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1]
Fn= [ bm(zm) HY (2m) d2m, (6.5)

_[m

where ZI; is the length of the m~th slot; H,SO) (zn) » Hée) (zp) and B{D) (zy) are
the tangents to this slot of the components of the magnetic vectors of the
unperturbed field of the sources and the fields radiated into the external space
and into the waveguide of the n-th slot respectively, where these have a unit
amplitude.

X i

X

Figure 6.2. An array with obliquely displaced slots in the
wide wall of a waveguide.

The major difficulty in practical calculations of V, consist in determining the
matrices for the external and internal admittances for a specific arrangement of
the slots. ' "

The Internal and External Admittances. The external admittances Y&ﬁ) are, as a
rule, determined approximately, but with sufficient precision for practical
purposes by means of the duality principle [0l]. It is enormously more complicated
to calculate the internal admittances Y{i1). .As can be seen from formula (6.4),
for this it is primarily necessary to find the electromagnetic field vector H in
the waveguide, whith is excited by the arbitrarily oriented n-th slot. To solve
this problem, one can employ the concept of vector potential, given in the liter-
ature [7]. Substituting in it the distribution of the magnetic current in the
slot, using generally known formulas, we find the components of the magnetic field
and consequently, the component Héi)(zm) tangential to the slot. Substituting it

! in expression (6.4), following integration in explicit form, we derive the formula
for calculating the internal mutual admittance of the slot, Yé%).

Resonant or slightly mistuned slots are most frequently used in practice, where
the voltage distribution in the slots is described by the function:
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o L2 Ll

(6.6)

As the calculations performed using the scheme described here, taking (6.6) into
account, the following expression is derived for the determination of the internal

admittances [1]:

o

rae

where

e e
N3 N NV gy
ot 2opab e "2‘ =D ¥pq cos 8p
atv al? -
q q q .9
—_— Apg cos —— yl0)}-Bygsin— l“”) +
P )| 18, | cos 6 ) ( rq 2 Un +Buq 2 Un

0
" & aft” +F af® »
I 28, \ cos 8, 20,4\ cos 6,

a3
(nl-q cos - J“" A,.,, sin _;q_ g )] R

Apg=(l® ’I'Y},”) elt? af,},’ cos 8 Tapg-+¥rq rl":’) sin (8” ) Tipgs

Bpg= [k2 (W) 19(" sin §n T.,,q—-y,,qe“’e(",’cos(s ——a—-)T,pq.

{6.7)

(6.7)

(0) is the displacement of the center of the n-th slot relative to the center
line of the wide wall of the waveguide; dmyn is the distance along the Z axis
between the centers of the m-th and n~th slots:

T

(—-1)° cos .
1M~ g sin Ba) { sin
.-5in . A v [Fas (@) +F (a(n)] :
cos a n [ 2°m q ﬁﬁm q
1 2
sin (g(®) -
ﬁ:’n“m (“2) I-{ (‘\’I-q/a:,"‘))' [ a(ﬂ) sh (Yl'q sm) cos (a" s,,,) ‘
2¥pq_ o oS g™ s )
* (a(m))2 ch (¥ sm) § sin (=2 sm) |3
a,(,”" L2 =sindy | (--D* = . ow=1,2;
« ’l,.
Yy l’l‘(nTﬁ')ﬂl (J"]/U)"*'-—IC.:;—
Suy -+ I €OS Oy}
0, p 0, ¢ 0, 0, ¢q-:0, p-=0,
.;::I) T Lo 0, g0, lJ';rzl, 1, ¢-:0, p>0,
2, p=O; 2, g>0.
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- By using the procedure for calculating the mutual impedances of electrical dipoles
{01], following a series of cumbersome mathematical derivations from expression

- (6.3), we obtain the following formula for the calculation of the external mutual

adnittances of the slot:

0
: * fexp—jKkm - exp—jkmr
m_._.noj'%{ms(a,,.--a..) [5 (i 2 Lnfime.
-1

- m rymn Nymn
oXp-—~j K fomn \ .
—-2COS K -————'—_)Slll [&a (1 FEN dE -1 .
fomn

| . .
Y(cxl‘"”j'ﬁm"~ unn | eXp-—iKm Fimn —2cos Km_exp‘—"‘——ml Km fnmn) sinky (1 —8) dE}-|-

l.

' r—imn fimn Tomn
n .
’ eXp—J}Kkm r—1mn
-1-sin (am“"sn)[ 5 (@mn 1) B -
. 4 r-imn
exp-- j K Fimn . exp- “jﬁvz’nmu __Si" Ka(l -+E) .
G 1) -_—f;fx_——m B €S fin fomn Omn %
]
' exp-~{ Km? —mn exp =] Kin Famn
— 1y ————| (0 Ay ——— —
.s ((Umn h r—smn Homn 1) I'imn
Xp—J Km T sinx, (1—§)
%6 C()SK,,.O P—J Km Fomn ;l 13 deld, (6.8) (6.8)
Tomn Omn
rpe
where famn = V 5,’""1-((7,,,,,-}-(1)”, a= -1 0 1
L ) ln
mn = 2 4-Esin (8, — On) —1"
lul lm
dmn Iy
Tmp == - Bcos (Om—0n) = Ka--Klg(s=-m, n).
bn Im

6.2. Planar Slotted Waveguide Array

We shall now consider a planar array composed of N2 waveguides, in each of which
N1 slots are cut. It is apparent that with a known excitation of the waveguides,
the complex voltage amplitudes in the slots can be theoretically determined from
system (6.2). But when the overal number of slots NjN2 > 100 (this is the most
real case in practice), the solution of system (6.2) is problematical, even using
modern computers. An analysis which has been made [1, 3] shows that to solve this
problem, it is expedient to employ the technique of iterative approximatioms, in
each step of which the voltage amplitudes in the slots cut only in one waveguide
are determined.
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We rewrite system (6.2) as follows for a planar array:

Ny N, : . (6-9)

N\ v ’ . F -~ - L e
m=1n=:1 “"l ns ! My ms Ny Ny 1"“ myr Pefmy <Ny, 1Sy XNy,
=1 n=:

where all of the symbols are clear from a comparison with expressions (6.2) - (6.5).
We shall consider an arbitrary waveguide with the number méo); then it is not
- difficult to transform (6.9) as follows: ’

N,y
n,\él Va, mim [Yf,c,,) mio) ny '"(zn)+ nyln), me0) m(’ﬂ)] -
R N, Ny (&)
=~"Fm, min) —n%‘.l ".\._.‘J‘ Vn- mymu m{0) ng nae . (6.10)
'uT kA n‘r, ) . :

(1)) (1) -
since when n, ¢ m, ~, the internal admittances lem Oh1ny

System (6.](83 can be solved by iterative approximations. In fact, for a fixed
value of my ’ and known values of Vpyp, from the preceding step in the calculations,
by solving the Nj-th (and not NjNj) order system of (6.10), we find the amplitudes
Vaim 0). By successively varying nj (0) from 1 to N2, we determine the distribu-
tion of the complex voltag?osmplitudes over the entire aperture of the array. One
can take Vaynp = 0 (ny # my /) as the initial approximation of the amplitude
values, which as can be seen from (6.10), is equivalent in this set to dispensing
with the accounting for the external mutual coupling of the array waveguides for
the mg waveguide, It is clear from physical considerations that the computa-
tional method considered here converges. This is also confirmed by the large
number of spetific calculations performed on computers.

The external admittances Yn(xet)nzn a, 2re determined from formula (6.8) when the
geometric parameters which 1m20102 characterize the mutual arrangement of the
slots in the planar array are substituted in them.

6.3. An Analys.is of Mutual Coupling Effects on the Directional Pattern of an Array

It is obvious that it is difficult to theoretically study in general form the
influence of introducing the 2lectrodynamic factors enumerated above on the direc-
tional pattern of an array because of the complexity of formula (6.7)--(6.10).
Therefore, the only possible approach is the utilization of computers. The degree
of influence of each factor on the directional pattern can be illustrated with an
example of analyzing a specific slotted waveguide array.

For the sake of simplicity, we shall consider a slotted waveguide array formed by
slots cut in the wide wall. The directional pattern of this array in the vertical
plane is: ‘ :
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(6.11)
N,
FO-- D @V, exp [{xz40 sin 0],

ne=}

where f;,(6) is the individual directional pattern of a slot in this plane; 6 is

the angle read out from a normal to the array; z,{o) is the coordinate of the -
center of the n-th slot.

The experimentally measured directional pattern of an equally spaced, alternate
phase coupled traveling wave slotted waveguide array, as well as the patterns
computed using formula (6.11) with the recurrent technique are shown in Figure 6.3
for the following parameters: Ny = 20, 1, = 0.48\, d = 0,445\, a = 0,78\, b=
= 0.344), Py = [P1gaq] = 0.1 and values of Vp determined from (6.1).

We shall perform a differential analysis of the impact of the various electro-
dynamic factors on the directional pattern. For this, we first of all determine
the external and internal mutual admittances. Since d = 0.5\ in this example,

then, as follows from formulas (6.8) and [01], one can assume in a first approxi-
mation* that the mutual external admittances are:

1,028-10-% On-1,
men, " (6.12)° . (6.12)

0, m==n.

The inherent internal admittances Y&) were determined in the literature [5],
while the mutual admittances Yn(l%) are computed from formula (6.7) when 8 = § = 0
is substituted inwth_eng, since the slot in the slotted waveguide array are longi-

tudinal: —e eti) gl
jl/_ AN 2 ng_“ap %
# p‘-‘:o g2 x% ab [(re/2xl)* |- Brq)
sin (nqd,/2a)7* ’(n_p m)
X [ nqd,/2a ]ms a Un X
TP I P
l Pre (2l 1B, \ 2l 2l '
)’:21 = — © o gt 2) m==n; (6.13)
) "/_"'_ N 2 ®hy’ Eop [ 9 '_l_(.’ﬂ_)z cm(—“i 740 Jx
p el 2xabB xa Kb \Na "
p=0g=0 rq

=l Bpq

wln By
« cos (_’1 ym) e Mie
a " ]l iy, (u/2nl,,)’+ﬂ;q

tm Ppq i o=*m Bpg

—klm—nidb,,
(“/2":1"-)3'}‘5;4, '

(6.13)

ms-n,

*
Where necessary, the mutual admittances can be computed precisely from formula
(6.8).
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- Figure 6.3. The influence of various
factors on the shape of the

N . directional pattern of a

\F(8)/Fmz] 102, slotted waveguide array.
<7 dB

Key: The dotted curve is for
the method of recurrent
relationships; The curve
with two dots between
dashes takes nonresonant
slots into account; The
curve with a single dot
between dashes takes
nonresonance of the slot
and mutual coupling via

| higher modes into account;
&° The dashed curve accounts
for the thickness of the
waveguide wall; The solid .
curve is the experimental
directional pattern.

where d 1is the slot width; fq = [(ng/ka)* -+ (nplkt)* — 1]°.%; 3 € and u are the dielectric
permittivity and magnetic permeability of the ambient space.

As can be seen from (6.13), the slot width dj is included in the expression for
the inherent admittance. It has been shown in the literature [8] that a slot in
a real waveguide with a wall thickness t is equivalent in terms of its electro-
dynamic parameters to g slot of width dI, cut in an infinitely thin wall. The
relationship between d] and dj is shown in Figure 6.4, It follows from what has
been presented here that in order to take the waveguide wall thickness into
account, it is necessary to substitute df for d; in formula (6.13).

Thus, system (6.2) with the matrix of mutual admittances, determined by expressions
(6.12) and (6.13), makes.it possible to find the amplitudes V,, taking into account
both all and individual electrodynamic factors. An analysis of the directional -
patterns calculated from these values of Vn makes it possible to more precisely
specify which factors are the most significant.

a. Slot Nonresonance., We shall note two special features of formula (6.13) for
the calculation of the internal admittance of a slot Ylg%): 1) Each tewm in (6.13),
- which is assigned the subscripts p, q, 1s a partial internal admittance of the

for a Hy, mode; 2) The partial admittances depend on three geometric parameters
of a slot (the length, 2ln; the width d; and the displacement xSO).). Consequently,
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the resonant length of a slot also depends on the number of modes H p taken into
account (6.13), the slot width and its displacement relative to the edge line of
the wide wall of the waveguide. The nature of the resonant slot length as a func-
tion of dj and xt(1 is the same as that shown in Figure 5.2,

It is apparent that when just slot nonresonance is'taken into account, the ampli-
tudes V, are determined from a system of equations (6.2;, in which it is necessary
to set the internal and external mutual admittances Y(% and Y(€) equal to zero.
A computer was used to study the influence of higher modes on the shaping of the
directional pattern. Calculations demonstrated that for a relative error in de-
termining the active and reactive components of the internal admittance of no more
than one percent, it is sufficient to take only the first seven modes: H10Q, Hpj,
Ho2, Hgp, Hay, Hyp and Hpo [1, 3].

The directional pattern of an array calculated under these conditions is shown in
Figure 6.3. A comparison of the curves shows that accounting for just slot non-
resonance, although it is important, does not lead to satisfactory results. Con-
sequently, it is also necessary to take other electrodynamic factors into account.

b. Internal Mutual Coupling of Slots Via Higher Modes. In order to also take this
into account, it is necessary to take into account the mutual admittances Yn(uix)’
which are calculated from formula (6.13), in the matrix of system (6.2).

The directional pattern which takes into account slot nonresonance and internal
mutual coupling via higher modes ig:shown in Figure 6.3, from which the rather
good correlation between the experimental and theoretical results can be seen.

V£ i8)/Fraa| 106
|F(8)/Frnaa| 2
0

¢ 45 vy 30w w0 w owe
Figure 6.4. The equivalent slot Figure 6.5, The influence of the
width-as a function modal composition of the
of the thickness of higher modes on the
the waveguide wall. shaping of the directional

pattern of a slotted
waveguide array.
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a1
Yory,
a5]-
1744

)
4921

Figure 6.6. The mutual admittance of slots due to
higher modes as a function of the
spacing between them (Y{10) is the part
of the mutual admittance Y(i), which is
due to interaction via the dominant H1Q
mode).

ary-

The data of mathematical modeling of the influence of higher modes (up top = q =
= 40) on the shape of the directional pattern [1, 3] are shown in Figure 6.5, from
which it follows that the major contribution is made by the Hjg, HO1, Hp2, H20,
Hz1, Hj2 and H22 modes. Figure 6.6 illustrates the rapid decrease in the: mutual
coupling of slots via higher modes when the spacing between them increases: in
particular, when d > 1.5Ap, the contribution of higher modes to the mutual ad-
mittance Y{1) is less than 0.1 percent, and for this reason, one can assume that
under these conditions, mutual coupling is due only to the dominant H10 mode. -

c. Finite Thickness of Waveguide Walls. In order to take into account the depend-
ence of the equivalent slot width d* on the thickness of the waveguide wall t,
it is sufficient to introduce in place of the actual width dj of the slot, its
equivalent width d* in formula (6.13) for the calculation of the inherent internal
admittance Y(1). 1Tt follows from Figure 6.4 that with an increase in t, the
equivalent width of the slot decreases, by virtue of which the value of the factor:

lsi“ (’_‘_‘lﬁl)/’ﬂ‘_’ir increases. This leads to the fact that to obtain a specified
2u 2a

precision in the determination of Yr(xi)’ it is necessary to take into account a

larger .number of modes than in paragraphs a and b. Computer calculations have

shown that with the same relative error of one percent as in paragraph a for the

calculation of Yr(u:ji)’ it is sufficient to use the first 14 higher modes.

The directional patterns of an arrax calculated for the cases of the actual slot
width di and the equivalent width dj are shown in Figure'6.3. A comparison of the
dashed—and—dotted and the dashed curves attests to the necessity of taking the
finite thickness of waveguide walls into account.

d. External Mutual Coupling of Radiators. The necessity of taking this factor
into account in planar slotted waveguide arrays is obvious, since at least the
nearest slots of adjacent waveguides have a substantial influence on each radiator.
The conductance and susceptance components of the external mutual admittances

%(15) can amount to up to 40 percent of the inherent external admittances Ytgg) of
the slot. In order to take the external mutual coupling into account, it is
sufficient to substitute the values of Y(e), computed from formula (6.8), in the
matrix for the mutual admittances of the system of equations (6.2).
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In those cases where the spacing between the slots, dmp, is no less than 0.5), one
can use the following formula to calculate the external mutual admittances [01]:

n o 2%
L6 cos( cosO,,.) cos( 5 oo 9,.) e_demn (6.14)

wdmn sin,, sin{,

(e)

mn’"

where Op and Op are the angles between the radius vector from one slot to another
) and the longitudinal axes of the m-th and n-th slots respectively. In this case,
- since the slots are longintudinal, 645 = 6y = 0, and therefore Ylgg) = 0,

Similar results are also obtained for other amplitude-phase distributions of the
field in the aperture of the array.

Thus, when synthesizing planar slotted waveguide arrays, it is necessary to take
into account all four electrodynamic factors, and when calculating the internal
admittances, to consider only the first 14 higher modes. For this reason, the
superscripts in the twin summation signs of (6.13) are to be set equal top = q =

= 3:
l/ },: \‘ “_q ';"'I, -fp I:ﬁill (1!(’1]/'2__/2‘.1).]":05'&(-.“.!7..”:‘0 )) %
0 r=0q = abe [(v/2nl)* |- ﬁpq] nqdy/2a a
| -—2nln s
Lie " ) n ’] (6.15
- . a)
" { B Cor2l)* -y ( 2k ) +K1[ ( 2x( ) ] ) Memp,
i (6.15a)
i Y =
mn l/ \1 \‘ eng Ean [( 39_.)?].(’_"’_)’] CoS( J(In)) %
ot & 2abiBng [\ b xa
X cos LA y(0) n? P M Bpg + p-xl ﬂl»q
xXe « Um Ak3 Ip Uy G /2xTn)E T BEe x
P g | o~ *nPpg ‘
e |-e —-K[m—nldﬂp'l, m-/-n, (6.156) (6.15b)

(3e/2xl,)* }- hl’,q

6.4. A Procedure for Synthesizing a Linear Slotted Waveguide Array Taking
Electrodynamic Mutual Coupling Effects Into Account

The General Scheme. In order to design a slotted waveguide array, taking mutual
coupling effects into account, it is necessary, as follows from equations (6.2),
to find the internal and external admittances of the slots for a specified number
and type of array radiators, as well as the geometry for their arrangement, which
realize the requisite distribution of the complex voltage amplitudes V,. Since
this is a rather complicated nonlinear mathematical problem, it is expedient to
approach its solution from physical considerations.
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We shall first treat the case of a linear slotted waveguide array. It is obvious
that the magnetomotive force in an arbitrary m-th slot can be represented as:

=V (Y847 S, (6.16)

where V;I) is the voltage in the slot without taking the mutual coupling effect
into account.

Then we rewrite system (6.2) in the following manner:

3, Vi (YY) = VAR (VYD) tam <y (6273

ne1g

It can be solved by an iteration technique, by employing certain physical‘ consid-
erations. It has been shown in paper [3] that for this, it is sufficient to
employ the following procedures:

- 1. Based on the known values of Vn (the requisite distribution) using one of the
known methods, which do not take into account all of the mutual cougling factors,
the array geometry is determined (the displacement of the slots x(0) and the

spacing between them). n

2. Using formulas (6.8) and (6.7) (or (6.14)) the matrix of the internal Yn(ui1) and
external Y(e) admittances is calculated, where these admittances are due to
factors not taken into account in paragraph 1. -

3. The complex voltage amplitudes Y(l) are determined from the known values of
Vns Yrﬁ&) and Yu(lg) from expression (0.17).

4. Based on the éomputed values of Vlgl), just as in paragraph’'l, the next approx-
imation of the array geometry is determined, and then paragraph 2, 3, etc. are
carried out. ‘

- It is clear from physical considerations that this iterative process converges.
As a result of the calculation, that array geometry will be found which assures
the realization of the requisite distribution in the antenna aperture, taking all
of the electrodynamic mutual coupling factors into account.

The Initial Approximation. As can be seen from the synthesis scheme proposed here,
the most complex procedure in a computational sense is procedure 1, all the more
since the known computational methods cannot be used (the energy or recurrent
methods), since the complex distribution of Vlsl) in the general case has a non-

- . linear phase characteristic. To carry out the procedure, a special method has
been proposed in a number of papers [2, 9-11], which is based on the representa-
tion of the slotted waveguide radiator in the form of a long line of four-pole
networks, which are characterized by the equivalent circuits of the slots.
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The equivalent circuits of various slots of length 7, = 0.5), cut in the wide wall
of a waveguide and their equivalent normalized admittances (or impedances) are
presented in Table 6.1, in which the same symbols are used as in Chapter 5, All
of the par?meters of these circuits are uniquely related to the external Yt(lg) 4nd
internal Ym{) admittances and are found from the balance condition for the complex
powers in the waveguide slot cross-section [12].

Thus, a dominant mode slotted waveguide array can be represented in the form of
series connected four-pole networks.

It can shown by employing four-pole network theory that the normalized incident and

reflected voltage waves, U}t and Uy, at the input and output of the n-th four-pole
network are interrelated by the following expressions:

Py

(U:Jf_l ) ((11 eA"—l-Aa,e—A“ a, tn |-ae e_'\“) (U,,’) (6.18)
- ) A —A A —A -l
Un—1 bye " 4-bge " Dhietlbie TH Un
where: ay==(1HE) [1FEt-Eab28ikali a2 =Bg [Bi—Ea 128, Bl
ag=q (1--E3) [E1—Ea—2E:E.]: A= —qka [l —E~Eq-}- 28, Eal;
by = qa [1-1 &r-Ead- 28, Eo); bz“ —=q (1 —&3) [Ei—Ea |- 28Eal:
by E3 [E—-F2— 28, E4l; by= (1 —&y) [1 —E1—Ea-} 28, Ba];
Ay =@ dy; g= 1 B =g, L=z By =4!"' for the equivalent,circuitv of

Figure 6.7a; q = -1, & = zén), €2 = ¥p» B3 = zén'l) for the equivalent circuit of
Figure 6.7b; d, is the spacing between the n-th and (n-1)-th radiators.

All of the equivalent conductances gnh = Re £, by, = Im £, and d; can be found based

- on the specified amplitude fp = [VnT and phase ¢p = arg V, distributions, with the
initial values of d{?) and the fractions of the power absorbed in the load Py
specified from physical considerations.

For this, the auxiliary normalized coefficient is determined initially:

N

Py l‘ . (6 19)
B Va2 *
s‘vl l—-p" Il%l I l

If the incident voltage wave to the slotted waveguide array load is normalized to
unity, i.e., we set U, = 1, then the reflected wave amplitude will be Uy; = qT,
where I' is the reflect}on factor, while q = +1 for the equivalent circuits of
Figures 6.7a and 6.7b respectively. Then, as shown in the literature [10, 11], the
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. - e e e v
____—TABLE 6.1 (1) Hlonexenne u aknma- BoyTpenusn nponouMocts mest AununancnTie ;':
HCNTNASE CXCMA INCAH Y(')_G({)-l']l}“) BOAIMOCTh U ¢opr.
( 2 ) POTIMIC IR
By (3) -
1_ E==3- * ‘
)
— (65.15a) Y- ,L
) . Y x-‘l-jB("
. Ly=gt
——0
y(f)._j 1 / Ey
i
3 3 8eld) || . (.’_"_’.’_)2
- « N N M \wa) Ly
: ,,f:‘l q‘:u K*ab
. - -92 ) )
L‘é} UA‘ cos (-?ﬁg-l) ’ 7 261"
y(ﬂ | AR B Ty 180
v—_"}—o0 “\audy Qipl\?
Z”/{"Jx | (—b—)
° ° - -
Xﬁil\"(—ﬂll )—l—x
§ b Y ﬁl’rq
x[mh _Leexp (- Bpg k) ‘
Bnq
Y -"/l 2\
S ) ) klm A
E :, \_V’ D?
1 Xo—=m)
- (6.7) YE" ],{(l)
o} n
2z [, 7% 7 X :
y a ",
Dy
- 7= —
* ",
Mpusmenannwe, Bementmu Dy Dy oupescaetid » (2.
Note: The quantities D, and D, are determined in [12].
Key: 1. Position and equivalent circuit of the slot;

2. Internal admittance of the slot, Y(1i) = G
3. Equivalent admittance or impedance.

(1) + 53(0);
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conductance (or resistance) of the slots 1is computed from the formula:
gn= | VnPlsy, (U —qUaP. . (6.20)

from expression [13]:

, Re [ v (x()] :
a2t o jtm [ (+(0)] (6.21)

nn nr\a

We determine the displacement xt(lo) of the n-th slot relative to the center line of
the wide wall of the waveguide “by any gradient technique, in partdcular in the
following manner: :

(6.22)
x,‘,‘l’ r-.x,(,?')_ . 4- 6v sign (gn —gny),
where .
L { Re i) (s42)]
ny ’
Y@+itm [y (42)]
s {6\:—1; v=1 wn sign (gn—gny._ ) =sign (En—8ny_o),
= 0
by /2 Mgnign—gnv_ 1) 7 sign (En—gny_. o).
It is natural to take the following [7] as the initial value of xr(xg)‘
a . b M n
xpe (-=1)" | — arcsin —_—— i
* @ A 2,09 cos"(—ﬂ—-]l) (6.23)
. 2 M

which realizes the requisite value of g given the condition of slot resonance.
The initial step 8y is chosen in a range of a/20 = a/l0.

0,

We determine the eqdivalent susceptance of the slot from the value found for x,

by ==2lin

Re[Vi2 ()] (6.24)
Vgt [V

The amplitude and phase of the field radiated by the n-th slot are:
[Va| - Vi Ui --qui [; (6.25)

Wy arg (U7 - qUT). (6.26)
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Figure 6.7. Equivalent circuits of slotted waveguide arrays.

Key: 1. The n-th four-pole network;
2. The N-th four-pole network.

To realize the specified‘ phase distribution for each n, the following conditions
should obviously be met: ¥ =~ &p-1 = &, - On-1. Taking (6.26) into account, we
have: ’

(6.27)

Dy —@y - arg —
Un—t-~qUn—-1

Expression (6.27) can be the starting one when selecting the spacing dp between
the slots for the realization of the specified phase distribution. We transform
the right side of (6.27): '

U —1—qUs—1

. (6.28)
= chAp-] EnshAn,
U’,:_ ——qU,T n l EI n
where
[(ay- qhy- DU | (@ -qbs) Us ] "
T T 0 _ $o o -1,
it e U::I aUi_ L [(azs—qhg) Un -|-(1--aa-l-ghe) Un ] e™ (6.29)

Un — QUJT (U:: ~qUE) sh An

Taking these symbol designations into account, following some uncomplicated trans-
formations, expression (6.29) reduces to the form:
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; A An

?,:‘ arclgQn, dy < ll
A .
dp=] 222 tgQn, Q0. ﬁ'—«&dh;
2 21 4 4
e A A 3 (6.30)
» D M2
An-{— 7 archQn, Qn <0, 4 <(Io<3 4 ’ d> 4 Aiv
where: rae
tg (On—y—Dn) . AoAg
Qu’-" 0=

" dp-tba tg (Dp—y—®p) ' 2 (Ag—Ag 5inOpy))

Orn [Omain] is the direction of the main lobe of thc.a directional pattern.
By sequentially applying relationships (6.18) and (6.20), we find all of the
values g,, by and d,. We will note that the calculations using these formulas
yield the same results for the equivalent circuits of Figures 6.7a and 6.7b [I1].

: Taking equalities (6.20) and (6.25) into account, we obtain |V,| = [V,|, ile.,
with the found conductances g,, the specified amplitude distribution is actually
realized in the aperture of the array.

The spacing computed from formula (6.30) realize the specified phase distributionm.
For example, if it is necessary to realize a linear phase front in the antenna
aperture, then it is necessary to substitute the value (2n/Ag)dp sin®pain in
formula (6.30) instead of 2.1 - ©n.

Equation (6.27) is satisfied only for definite values of the spacing d:. Physic~
ally, this means that in the aperture of an array with a spacing of dp between the
radiators, the specified phase distribution is realized, taking into account the

- dominant mode mutual coupling of the radiators. In practice, d is determined by
iteration using formula (6.30), where the original values of t:he spacings d, are
substituted the right side. If equation (6.27) is not satisfied in this case,
new values d{!) are substituted in the right side, and the entire cycle is
repeated. It can be demonstrated that this process converges.

Thus, the method described here makes it possible to realize a specified amplitude-
phase distribution in a linear array, taking into account all of the electro-
! dynamic mutual coupling factors.

The results of such a synthesis for the 20 element slotted waveguide array treated
earlier where Agp = 3.66 cm are presented in Figure 6.8 and in Table 6.2. The
directional pattern synthesized using this procedure (Figure 6.8, the solid curve)
has a sidelobe level of less than -30 dB, and shows a good correlation prior to

N these values with the requisite directional pattern (Figure 6.8, the dashed curve),
! while the directional pattern computed without accounting for the mutual coupling
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|8 F e . 06
dB

Figure 6.8, The results of calculating the '
directional patterns of slotted
waveguide arrays.

Key: The dashed curve is the theoret-
ical directional pattern;
The s0lid curve takes into
account mutual coupling effects;
The dotted curve is where the
mutual coupling of the radiators
is not taken into account.

2w 2 v

effect {Figure 6.8, the dotted curve), correlates with the desired directional
pattern down to only about the -15 dB level. It must be noted that there is no
precise correspondence between the synthesized and specified directional patterns
because the spacings between the slots changed and the slotted waveguide array
changed from an equally spaced one to an unequally spaced array.

"TABLE 6 (1) C yserom noasmonansums

(2) Bes yucTa BIaHMOBANSNHR
ol OIS fn A0, uu | dpoum fn
_mm mm om: _ mm.

1 0,14 24,44 0,95-10-¢ 0,12 21,0 0,32-10-4
2 —0,13 21,72 0,43-10-3 —0,16 21,0 0,17-10-3
3 0,8 22,16 | 0,18-10-3 0,50 - 2t,0 0,11.10-%
4 —0,37 21,81 0,52-10-2 —0,83 21,0 0,40.10-%
5 1,18 21,17 0,l1-10-t 1,48 21,0 0,10-10-t
6 —2,73 21,11 0,19-10-1 —1,98 2{,0 0,19-10-t
7 2,91 21,02 0,33-10-1 2,60 21,0 0,31-10-1
8 --3,86 21,38 0,55.10-1 —3,10 21,0 0,45-10-!
9 4,70 21,76 0,83-10-1 3,77 21,0 0,64-10~-t
10 —5,52 22,03 . 0,119 —4,41 21,0 0,875-10-1
11 6,51 22,16 0,160 5,30 21,0 0,153
12 1 -7.29 22,18 0,195 —6,20 21,0 0,159
13 8,00 22,18 0,205 . 7,14 - 21,0 | 0,197
14 —7,43 22,08 0,182 —7,27 21,0 0,205
15 6,04 21,74 0,134 6,31 21,0 0,161
16 —4,82 21,31 0,09-10-* —4,52. 21,0 0,92.10-1
17 3,66 21,28 | 0,47-10-% 2,8 |* 21,0 0,37.10-1
18 —2,61 21,33 0,19.10-1 —1,43 21,0 0,10-10-%
19 0,86 21,36 0,46-10-2 0,62 21,0 0,17-10-3
20 - —0,93 22,21 0,87-10-3 —0,27 21,0 0,41.10~3

Key: 1. Taking mutual coupling into account;
2. Without taking mutual coupling into account.
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6.5. A Procedure for Synthesizing a Planar Slotted Waveguide Array Taking Mutual
Coupling Into Account

We shall now briefly consider a synthesis procedure for a planar slotted waveguide
array. As was shown in §6.2, with a known law for the excitation of the waveguides,
the complex voltage amplitudes Vp,n, in the slots are determined from the system

of equations (6.9). In accordance with (6.16), the magnetomotive force is:

Frugmg= Vs (V Sy i Y s i) (6.31)
where Vu(13'1~g12 is the voltage in a slot without taking mutual influence into account.

By substituting (6.31) in (6.9), we obtain a system of equations which makes it
possible to synthesize a slotted waveguide array by the methods described in §6.4.
In fact, by asigning an arbitrary waveguide the number m 0) and knowing the matrix
for the internal and external mutual and inherent admittances of the planar slotted
waveguide array from the preceding set in the calculations, we arrive at the linear
array synthesis problem treated in §6.4:

v, . S
! i (1)
":\u:__l anm(’ﬂ) [ygilll(zo) nlm"o) 'I'Y:(nl)mgﬂ) “1’”(10)] = V”';"‘(,o) [Yf"':m(lo) e mfo) -+
N, N,y ;
.y 1— % W (e) 6.32)
4 Ym,m(zo) ”'1"'(,”’] ";:' n,‘:l Vn,n, Y mmi0)y o (6.32) ( e
: ng Fmg

By successively varying néo) from 1 to Ny, we find all of the internal admittances
of the slots, and consequently, their (the slots') arrangement in the wide wall of
each waveguide.

Thus, the following procedure for the design of a planar slotted waveguide array
can be recommended [3]:

1. We determire the external and internal inherent and mutual admittances of the
slots and their (the slots') arrangement based on the amplitude-phase distribution
of VpimA0) specified for eacH waveguide having a number 1 < m{o < N2 by means of
the procedure of §6.4.

2, Using the geometry for the slot configuration found in paragraph 1 and employing
formulas (6.7) and (6.8), we find the external mutual admittance matrix.

3. By substituting the matrix of the external and internal admittances, calculated
in paragraphs 1 and 2 in the system of equations (6.32), based on the procedure of
§6.4 we determine the next approximation of the array geometry and its admittance
matrices, etc. ’

| This process usually converges after a few steps. Just as in the case of linear

’ array, that geometry of the planar array will be found as a result of the calcula-
tion which provides for the realization of the requisite amplitude-phase distribu-
tion in the antenna aperture, taking into account all of the electrodynamic mutual
influence factors.
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6.6. Design Calculation Recommendations

The starting data in the design of planar nonresonant slotted waveguide arrays,
a8 a rule, are the following: the direction of the main beam of the directional
pattern; the width of the directional pattern in the main planes at the half-power
level; the permissible level of directional pattern sidelobes; the gain; the frac-
tion of the power lost in the load, and the permissible aperture size. '

Depending on the purpose of the slotted waveguide array, particular groups of
initial requirements will be the major ones. Examples of such groups of require-
ments (variants) are cited in Chapter 5. In all of these variants, one of the
intermediate steps has to be the calculation of the amplitude-phase distribution
of the field in the antenna aperture, the calculation of the spacings dn between
the slots as well as the number of waveguides N2 and slots N1 in each of them.
Based on these data, using the procedures of 56.4 and §6.5, we determine the
arrangement of the slots in the wide walls of the waveguides, which realizes the
requisite amplitude-phase distribution of the f ield in the slotted wavegiide
array aperture, taking mutual coupling into account.

The calculation of the reméin:l.ng parameters of the array is accomplished just as
described in §5.9. ‘

In performing the calculations, one specific feature revealed in §6.4 must be

remembered: taking into account all of the mutual coupling factors leads to an
unequally spaced configuration of the slots, because of which, the theoretical
level of the first sidelobes of the directional pattern may not be achieved. For
this reason, it is necessary in practical calculations to set standards which are
several decibels more stringent for the requisite sidelobe level.
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7. PHASED ANTENNA ARRAYS WITH A HEMISPHERICAL SCAN SPACE
7.1. General Governing Laws

The Classification of Phased Antenna Arrays with a Hemispherical Scan Field.
Operational Principle. Planar phased arrays provide for a rather high gain

in scanning sectors not exceeding 40° to 50° from the rormal to the plane of

the antenna. The scanning sector of a planar phased antemna array is bounded by
the main lobe of the directional pattern of a radiating element of the array
and is determined by the dimensions of the radiating elements as well as the
mutual coupling between them. However, for some radars (ground based and marine
long range radars, on-board multifunction radars in aircraft and space vehicles,
etc.), phased arrays are needed having a scan sector of more than a hemisphere
(including circular scanning in the horizontal plane). These requirements can
be met in phased arrays of a special structural design, which employ spatial
(aplanar) systems of radiators:

1. Hybrid phased antenna arrays, which take the form of a combination of a
planar phased array which scans in a comparatively small sector and an uncon-
trolled locking system, which makes it possible to extend the scan sector. One
of the most suitable structural designs for a hemispherical scan space is a
planar phased array with an axially symmetric lens, which is called a shell or
dome shaped lens (see § 7.2) [1]. For a definite functional relationship between
the index of refraction of the lens and the central angle 6, the scan sector

of a planar phased array can be increased by 1.5 to 2 times.

2. Conformal phased arrays, the radiators of which are arranged on aplanar
surfaces (usually convex axially symmetric surfaces) [1 - 3]: cylindrical,
conical, spherical, etc. Besides conventional scanning conformal scanning

is also used, i.e., scanning which provides for a constant shape of the
directional pattern and a constant gain in the direction of the main lobe.
Conformal. scanning is accomplished through the switching of the radiators in
such a way that the shape and dimensions of the radiating region, moved around
the axis or the.center of symmetry of the phased array, are preserved.

Conformal phased antenna arrays make it possible to obtain undistorted scanning
in azimuth (cylindrical and conical phased antenna arrays) or over the entire
hemisphere (spherical phased arrays). However, because of the simultaneous
utilization of only a small portion of the overall number of radiators (10 to
50%), conformal phased arrays will contain a very large number of controlled
modules (about 104 to 10°) and have a high cost.

3. Polyhedral phased antenna arrays, which take the form of a spatial system of
planar phased arrays (subarrays), arranged on the faces of convex polyhedra
(pyramids, prisms, regular polyhedra, etc.) and which can be phased either
independently or jointly [013]. Polyhedral phased arrays with hemispherical
scanning have fluctuations in the gain and changes in the shape of the direction-
al pattern, which decrease with an increasing number of subarrays.
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Requirements Placed on Radiating Elements. The in-phase addition of fields
having the same polarization of all of the radiators included in the radiating
region in necessary to generate the main lobe of a convex conformal phased
antenna array in a specified direction. The movement of the radiating region
over the convex surface requires changes in the plane of polarization of the
fields of the radiators included in it. For this reason, it is expedient to
use radiators with either circular or controlled polarization in certain phased
arrays with hemispherical scanning (spherical, conical, etc.).

The same types of poorly directional radiators with axial symmetry are used as
the radiating elements of phased arrays with hemispherical scanning as for
planar phased antenna arrays [05]. The following types of radiators have
become the most widespread for the generation of the requisite polarization
characteristics: cross-shaped dipoles, cylindrical helical antennas, frequency
independent antennas in the decimeter band; open ends of waveguides (horns),
dielectric rods, helical and frequency independent antennas as well slot
radiators in the centimeter band.

The Directional Pattern and Gain of Hemispherical Scan Phased Antenna Arrays.
The Scan Pattern. The calculation of the directional pattern and the gain for
various phased array structural configurations have their own special features,
however, some of the basic governing laws can be utilized in all variants.

For pyramidal phased arrays, consisting of three to five planar subarrays, which
execute independent scanning in adjacent spatial sectors, the calculation of the
directional pattern and the gain is accomplished using the same methods as for
planar phased antenna arrays.

For large convex conformal and polyhedral phased arrays, the approximate computa-
tion of the directional pattern and the gain, with the condition that the main
lobe is unique [01], can be carried out using the technique of an equivalent
plane aperture (EPR) [EPA] [3]. The projection of the radiating region of the
convex phased antenna array onto a plane normal to the direction of the maximum
of the main lobe (Figure 7.1) is taken as the equivalent plane aperture. The
equivalent plane aperture is made in-phase by phase leads in the radiators with
respect to the central radiator:

ADy =2 5 (ry - ry), 7.1

where k'= 2n/X; r, is the spacing of the v-th radiator from the equivalent plane
aperture; r, is the spacing of the central radiator from the equivalent plane
aperture.

The amplitude distribution in the equivalent plane aperture A(p) can be
approximately represented in terms of the directional patterns of the radiating
elements F,(8) [Fraq(®)] in the direction of the main lobe maximum of the
phased antenna array (Figure 7.1):

A @) & Fy (0). .2
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The differing density in the placement of the radiators in the equivalent plane
aperture when they are projected from the convex surface leads to a change in
the amplitude distribution A(p). This correction for the change in the amplitude
distribution can be found using the methods of geometric optics.

One can approximately determine the directional pattern and directional gain of
an equivalent plane aperture by the conventional aperture method [01] for the
value found for A(p). The approximate nature of the equivalent plane aperture
technique must be kept in mind, which when 8 = 30° - 60° yields a satisfactory
precision in the calculation of the directional pattern of a convex phased
array in a sector of 8p,y, + 6', where:

0'/200.5 < (R/N)1/2. (7.3)

(260_5 is the width of the main lobe of the directional pattern of the phased
antenna array). A more precise calculation of the directional pattern and
directional gain of convex antennas is set forth in paper [2].

& o The function G(Bpains $paqn) Mormalized
Q with respect to the maximum value of

the gain Gy is called the scan pattern:
dto) ) )

Fix (Opn» Pen) e G (. q’rn)/Go; (7.4)

and the losses in the gain are defined
by the expression:

AG (0,5, Pry) = 1018 F (0yn, Prn)- (7.5)

R
& o 2) The most reasonable placement of the

S radiators on the surface of a phased
R’ array (in the sense of minimal area
’ and gain losses) is achieved in the
case where the geometric area of a
Figure 7.1. Explanation of the equiva- cell S, is equal to its effective
= (v2 .
lent plane aperture area S, gpg = (y*/4m)D,q:
technique.

Key: 1. Equivalent plane aperture; Sur 2 Suaipr

2. Radiating surface.

(7.6)

where D, 1s the maximum directional
gain of an elementary radiator of the
phased array. In this case: .

Gy = Kuu"lSr(’m/}vz)v (7.7)

where K, is the.surface utilization coefficient of the equivalent aperture; n is
the efficiency of the phased array elements; S is the geometric' area of the
equivalent plane aperture. ’
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7.2. A Hybrid Phased Antenna Array with a Hemispherical Scan Space. Operational
Principle. Specific Structural Design Features of a Phased Array with a
Dome Shaped Lens.

We shall consider one of the promising systems: a planar phased array with a

. hemispherical dome shaped lens (Figure 7.2) [1]. A merit of this structural
design is the comparatively low cost, which exceeds the cost of the planar phased
array by 1.5 to 2 times in all. During hemispherical scanning, the effective
antenna area amounts to 0.3 to 0.4 times the geometric area of a planar phased

- array.

A planar phased antenna array with a
G circular radiating aperture scans in a
Lens i;\ ﬂnﬁ?“ sector not exceeding 50 to 60° from the
Sus3ar . i \ normal to the antenna, irradiating a
> e,(]!\??— dome shaped lens with a variable index
v | Yooz \ of refraction from the inside (when trans-
© [ am\ A\~ mitting). The lens, usually in the form
" 0@/ 15 of a spherical shell (dome) of constant
_ thickness, consists of transmissive
i&?j -|-@Ar elements, which include internal and
) exterior radiators and waveguides which
M S daie couple them to uncontrolled phased shif-
Vs ters, which produce fixed phase shifts.
I These phase shifts are figured so that

the main lobe of the directional pattern
receives an additional deflection from
i the axis of symmetry (the normal to the
Figure 7.2. Hybrid phased antenna array planar phased array), while the scan
with a dome shaped lens. gector 1s extended out to a hemisphere.

Key: 1. Effective plane surface;

2. Phased antenna array. The axial symmetry of the system assures

conformal scanning with respect to the
coordinate ¢ (the directional pattern
parameters and the gain do not depend on the direction of the main lobe, ¢psin) -
When the radiating region moves from the "pole" of the lens (Bpain = 0) to the
"equator" (8pain = 7/2), the directional pattern changes from a pencil beam to
a fan-shaped one, while the gain changes, since the dimensions and shape of

the radiating region change.

Basic Design Expressions. The parameters of the phased antenna array and dome-
shaped lens depend on the distribution of the phase shift ¢ (0), introduced by
the lens and which causes an additional deflection of the main lobe of the
directional pattern, Opgin(6) (Figure 7.2).

In the case of a linear function:

Ompain = 419, O 0¥, q>1. (7.8)
The retardation factor along the surface of the lemns (along the "meridian", see
Figure 7.2) is:
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Iodo@)
kR -

—ssinf(q--1) 1, (7.9)
where R is the radius of the lens; and:
O 0)= — 2R Gjpr =D (7.10)
‘ a1 2

is the phase distribution.

To reduce the lens thickness, it should have a zonal configuration, so that the
following condition is met: 0 < $(8) < 2w,

The boundaries of the zones, 8,, are determined from the condition o(8,) = -2mn:

arcsin |/ o@D} (7.11)
g1 2R

The specified phase distribution ¢(6) (7.10) is assured through the appropriate

design of the uncontrolled phase shifters and determines the nature of the change

in the system gain when the main lobe is defracted from the axis of symmetry.

0, =

An approximate estimate of the gain of a phased antenna array with a dome-shaped
lens can be made on the basis of the following considerations. Neglecting the
change in the amplitude distribution introduced by the lens, we find:

) oF] 2 . S n
G(0,,) = GoF, (9) F2, (03) ;" _ (7.12)

0 ’
G(Opain) = GoF%ent(e)Fgut(el)[Sepa/SO]

where G is the maximum gain of the phased antenna array (in the direction of the
normal) ; Feent(8) is the directional pattern of the central radiator of the
planar phased array (in the direction of the beam OA); Fou(6) is the directional
pattern of the outside radiator of the lens, corresponding to the beam OA, in

the direction of the deflected beam of the antenna directional pattern; 0 =

(q1 - )6 1is the deflection of the main lobe of the antenna from the central

ray OA; Sepa is the area of the equivalent plane aperture, normal to the
direction of the main maximum of the antenna directional pattern; Sg is the

area of the planar phased antenna array.

R /A Y

7 U S R T R R R
1 sl PR
o wAn oK A0S

Phased array

4 N Figure 7.3
T Graphs of G(8p,in)/Gp as a function
P of 6pain- '
2.0 \

; ,'\

-0
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The equivalent plane aperture of the radiating region has a circular shape when
Opain = 0 and the shape of an asymmetrical oval when O in > 0. The dimensions
of the equivalent plane aperture can be approximately Egtermined by solving
transcendental equations, derived on the basis of geometric optics. Graphs for
the function G(@paipn) /Gy are shown in Figure 7.3 for F%ent(eo) = cosfj and
Fout(el) = 0504, It can be seen from the graphs that depending on the require~
ments placed on the function G(Omain), an optimal value of the parameter q; can

be chosen. In the majority of cases, expedient values are q; = 1.5 - 2.0.

The relationships for the gain were derived with the assumption that the

- equivalent plane aperture is in phase. To meet this condition, the phase distri-
bution in the aperture of the phased antenna array should be nonlinear. The wave
front between the lens and the planar phased array should be convex facing the
phased array.

According to existing data [1], a hybrid phased antenna array with a dome-shaped
lens provides for hemispherical scanning even in large sectors. The gain
reduction during scanning for q; = 1.5 - 2.0 reaches 4 to 5 dB. The level of
the sidelobes does not exceed =18 to =20 dB.

) The main advantage of the structural design is the cost which is lower than
- the cost of other phased antenna arrays with hemispherical scanning.

7.3, Conformal Phased Antenna Arrays.

Classification and Excitation Techniques. The radiators of conformal phased
arrays are arranged on aplanar (usually convex, axially symmetric) surfaces.
Cylindrical, conical and spherical phased arrays have become the most widespread.
Conformal phased arrays provide for a hemispherical scan space with the least
fluctuations in the gain and are the most expensive among systems of this class,
which is due to the large number of controlled phase shifters and the complex
phasing system.

Small fluctuations in the gain are achieved by scanning without changing the
shape of the directional pattern by means of moving the radiating region of
the array around the axis or the center of symmetry by means of electrical
switching. In this case, the size, shape, and number of elements in the radia-
ting region remain approximately the same (conformal scanning).

To realize conformal scanning, the feed distribution of the radiating elements
- of the phased array should be the same, regardless of the direction of the main
lobe. Feeder systems (parallel or mixed) and active systems (amplifiers, gene-
rators or frequency multipliers in each element) are used to feed conformal
phased arrays.

Beside. switching the radiators, the phase distribution and the focusing system
for the radiators in the direction of the main lobe are controlled in conformal
phzsed arrays. The convex shape of the surface of conformal arrays leads to
the necessity of producing nonlinear phase distributions. The control is
accomplished, just as in planar phased arrays, by means of specialized computers
or matrix configurations (Butler matrices, etc.).
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Figure 7.4. A cylindrical phased Figure 7.5. The directional pattern of
antenna array. a cylindrical phased
antenna array radiator.

Cylindrical Phased Antenna Arrays*. Cylindrical phased arrays (Figure 7.4) do
not provide for complete hemispherical scanning (they are not effective in a
sector of out to 30 to 40° from the system axis) and are used in those cases
where it is necessary to have circular conformal scanning with maximum gain in
a plane normal to the axis of symmetry. Effective scanning of the "axial"
sector can be accomplished by a planar phased array, placed on the upper base
of the cylinder (this variant is not treated here).

Since a cylindrical surface unwraps into a plane, the placement of the radiators
on it is the same as on planar phased arrays (a triangular or rectangular grid
can be used). Conformal scanmning is accomplished in a plane normal to the axis
of symmetry of cylindrical phased arrays by moving the radiating region; in

the plane of the generatrix of the cylinder, conventional sector scanning is
employed using a linear phase distribution. Cylindrical phased arrays can pro-
duce radiation of any polarization (including linear).

The elementary radiators of cylindrical phased arrays are chosen from the
usual considerations (see § 7.1). The directional patterns of the isolated
radiators are close in the majority of cases in shape to a cosinusoidal form:

F, (0, 9) ¢ sin 0 cos (p—Pav), (7.13)

where ¢ﬂv are the coordinates of an element with the number uv.

The influence of mﬁtqal coupling of the radiators via the dominant and higher
modes is manifest in the greatly indented nature of the directional pattern of
an element in the plane normal to the system axis (Figure 7.5), and in the
sharp drop in the gain in the case where the radiating region encompasses a

sector greater than 2m,, where: .
sin g >~ AMdy—1, (7.14)

*Additional information on cylindrical phased arrays is contained in Chapter 4.
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d, is the array step in a plane normal to the system axis. The drop in the gain
i¢ related to the violation of the uniqueness condition (the appearance of
additional main lobes) and the mismatching of the array because of mutual coupling
of the element. Since similar phenomena also occur during sector scanmning in

the plane of the generatrix if the scan sector 26pg does not satisfy the main

lobe uniqueness condition, the steps of the array d¢ and d, should satisfy the
following conditions (see 2.3):

dp/A < (1-F sin gg) =+, ©(7.15)
d,/kg(l -}-Siﬂ(’m‘)—l, (7 16)

To focus the radiation in the direction (8,in» émain) s @ phase distribution
should be created in the radiating portion of the surface of the cylindrical
phased array which assures that the distribution in the equivalent plane aperture
is in phase; the phase of the pv-th radiator is:

dnw==——K[ashlchos@mn—-m&g-kzvcosﬂ;J. (7.17)

wheie k = 2n/A; a is the radius of the cylinder; Z), and ¢)), are the coordinates
of the pv radiator of the phased antenna array. '

When the main lobe uniqueness condition is met, the techniques of an equivalent
plane aperture and an equivalent linear antenna can be used to calculate the
directional pattern of the cylindrical phased array, while the concept of the
effective length of a linear antenna Gan be used to calculate the width of the
main lobe. The requisite level of the aperture sidelobes q can be achieved by
switching off a portion of the radiators (thinning the array) .

To assure minimal cost of a cylindrical phased array, the aperture angle ¢q

is optimized. The optimization criteria are a minimum number of controlled
radiators and minimal antenna dimensions. Minimal dimensions (the antenna
diameter 2a) are achieved when ¢g = 60 - 90° (when ¢g > 60°, the requisite
number of radiators practically does not change). Since an increase in ¢g leads
to a decrease in dg/A (when ¢q = 60 to 90°, d,/Ax = 0.54 - 0.50), something which
is frequently undesirable because of structurgl design considerations, values

of ¢5 = 50 - 60° are expedient.

The overall number of controlled radiators, in the case of dimensions of the
radiating region of H * 2a¢g and a rectangular grid is:

N|]_~"N;N(p| . (7.18)

and in the case of a triangular grid:

Na==(V3/2) Ny, (7.19)

Here, the requisite number of radiators along the generatrix is:
N, Hldz = Co.5/200,57 (1 +sin 0gy), (7.20)

200,57 = CO_SX/H is the width of the main lobe in the plane of the generatrix;
the requisite number of elements about the periphery of the cylinder is:
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(7.21)

20,54 1s the width of the main lobe in a plane normal to the axis of the cylinder
(qhe girectional pattern of an element of the phased array is taken as cosinusoi-
dal).

Circular conformal scanning is achieved in a cylindrical phased array while at
the same time using a comparatively small fraction of the overall number of
radiators (30 to 40%).

Conical phased arrays (Figure 7.6) provide
for a hemispherical scan (with fluctuations
in the gain of several decibels). They
are used in cases where it is necessary to
place a hemispherical scanning phased
array in a conical (or ogive) housing of
an aircraft, as well as when the maximum
gain should be achieved in an axial direc-
tion or a direction inclined to the axis
of the cone.

Conformal scanning (movement of the radia-
ting region) is realized in conical phased
arrays in the plane of the base, as well
as conventional sector scanning in the
plane of the generatrix. The radiating
Figure 7.6. A conical phased antenna region occupies a sector, the size of

array. ’ which depends on the direction of the main
lobe ) Gmain .

In the case of hemispherical scanning, some portions of the conical surface
radiate at large angles, and for this reason, it is expedient to take the step
of the array close to 0.51 (d/\ = 0.50 - 0.55), although in a number of cases,
it must be increased up to 0.6A to 0.75A because of structural design considera-
tions.

" It is expedient to use radiators, the main directional pattern lobe of which is
not directed along a normal to the generatrix of the cone, but rather in the
direction of the requisite maximum gain, The influence of mutual coupling
between the radiators of a conical phased array on the directional pattern of
a radiator in the plane of the base is manifest, just as in cylindrical phased
arrays, in an indented central portion of the directional pattern of a radiator.
However, in contrast to cylindrical phased arrays, the deep nulls inthe direction-
al pattern related to the appearance of additional interference maxima, are near-
ly absent because of the conical shape of the surface (Figure 7.7). The width
of the main lobe, 205 5, and the gain, Gp,y, of a conical phased array are
determined by the dimensions of the equivalent plane aperture of the radiating
region.

Ne 2naldy--4n Co __Iksings :
| ¢ M 209,59 sin 2po-]- 2"
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Figure 7.7. The directional pattern of Figure 7.8. sepa/SO as a function of
a conical phased antenna Opain
array radiator. Key: 1. Planar phase antenna
array.

The graphs of Figure 7.8 make it possible to estimate the change in the equiva-
lent plane aperture area of a conical phased array, Se a/S0 (S, = ma“ is the
area of the base) with a change in the direction of focusing 09 Opain and the
vertex angle of the cone ¢, (the angle between the axis and the generatrix).. As
a rule, radiators are not placed at the vertex of the cone, however, this area
is small and was not taken into account in the given case. An analysis of the
graphs shows that to reduce variations in the gain during scanning, it is
expedient to employ conical surfaces having ¢, = 18 to 20°,

The impossibility of placing controlled radiators at the vertex of the cone leads
to the appearance of a nonradiating region in the equivalent plane aperture.

In the case of axial radiation, it has the shape of a circle with a radius of

a~ << a. The dimensions of the nonradiating region, when aola ='0.1 - 0.3, have
lgttle impact on the gain, but can substantially increase the level of the
aperture sidelobes q. The level of the sidelobes q as a function of the ratio
ao/a with a axial radiation for uniform (A (r) = 1) and optimal Aopt(r) amplitude
distributions are shown in Figure 7.9 [4].

The following phase distribution should be produced to focus the radiation in
the direction Op,4ns $pajn O the radiating portion of a conical phased antenna

array:

‘ Oy - K7y g g sin 0, cos (Prn — APpy) - €08 0,1, 7.22)
where the coordinates of the elements Z, < 0. The requisite number of radiators
is:

N::8/S (7.23)
where:
Sy aa® |1 - {agla)*] cosec @y
(7.24)

is the area of the conical surface; and:
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=44
q
Figure 7.9. The level of sidelobes Figure 7.10. A spherical phased antenna
where a nonradiating region array.

is present.

S - { d? - in the case of a square grid,
mw

2d4Y) 3 in the case of a triangular grid. (7.25)

is the geometric area of a cell; d is the step of the array.

To obtain narrow directional patterns, the overall number of controlled radiators
in conical phased arrays should be of the same order of magnitude (10%) as for
cylindrical arrays. A hemispherical scan with gain variations of no more than

1 to 2 dB can be provided using a conical phased array.

Spherical phased arrays (Figure 7.10) provide for a hemispherical scan with
minimal changes in the directional pattern and gain variations (0.1 to 1.0 dB).
This is accomplished by arranging the radiators with a nearly uniform density
over the surface of the sphere and employing conformal scanning, i.e, maintaining
the shape and dimensions of the radiating region during scanning. The center

of the radiating region in usually located in the direction of the main lobe (or
the equal signal direction). The radiating region is moved by switching the

feed for the radiators, while the phasing (identical within the limits of the
radiating region for any position of the region) serves to compensate for

phase errors (focusing). Disconnecting some of the radiators and controlling
the shape of the radiating region make it possible to obtain directional patterns
with different parameters. ’

The most uniform filling of a spherical surface with radiators is obtained with
a triangular grid for the radiator layout.

To preclude large losses in the gain, the step of the array d/A when generating
an axially symmetric main lobe is to be chosen based on the condition (in a
manner similar to a cylindrical phased array):

AN (L 4sindo)=!, (7.26)

- where 26, is the central angle of the radiating segment (Figure 7.10). The type
and dimensions of a radiating element are chosen based on the same considerations
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as [or other convex phased antenna arrays. The influence of mutual coupling of
the elements of a spherical phased array on the directional pattern of a radiator
is less pronounced than for other types. In the case of spheres with large radii
(a/A > 10), the directional pattern of a radiator is close to the directional
pattern of an element of a planar array having the same period. When condition
(7.26) is met, the directional pattern of a radiator of a spherical phased
antenna array is:

F, (0, ¢) 2 cos (0—03) cos (p— Puv)s (7.27)

where O\" and %V are the spherical coordinates of the uv-th radiator.

The radiators of a spherical phased array should have either circular or con-
trolled polarization. :

The central angle of the radiating region, 6j, can be optimized based on the
criterion of a minimum overall number of radiators to obtain the specified
width of the main lobe of the directional pattern or a specified gain [5].
Calculations show that the minimum number of controlled radiators is obtained
when 6 = 50° to 90°, but because of the poor radiation efficiency of elements
having a directional pattern of the type of (7.27) at large angles, it is
expedient in practice to use phased arrays where 6g = 45° to 60°.

d’/_’_! v . L 7'”_ Gas A surface covered with radiators should
/] encompass the portion of the sphere bounded
/ by the angles: ‘
a8 50 AR R R : :
X 74 ”/“.’/ 0 < 0 <2 w/2-|- 1, (7.28)
agy 4| \[ 76 167 where the spherical surface in the region
- A ] ;
L/ ' > 1/2 can be replaced by a cylindrical
a4y &7 \r\/é .20.162 one because of structural design considera-
/ \\\\ tions (a spherocylindrical phased array).
a2 w X ~~d ol The total radiating area of the surface
’ 7 \\ does not change in this case. The follow-
— #o = ——— ing phase distribution [04] is produced
ot e L% to focus the radiation in the direction
30 a #;

Opains Pmain On the radiating segment of
Figure 7.11, The parameters of a the spherical phased array:

spherical phased array

as a function of 6.

Py - u feos “"’f cos g sin 0,5 5in 0y cos (s _q'l'w)]- (7.29)

The overall dimensions and requisite number of radiators in.a spherical ( or
spherocylindrical) phased array are calculated using the following procedure.

1. The radius of the circular equivalent planar aperture of the radiating seg-

ment, aepa? is determined:

2lyp/ M Co,6/200 50 (7.30)
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where in the case of a cosine directional pattern of a radiator (see (7.27)) and
vg = 45 - 60°, the coefficient Cg.5 = 62 - 64°, while the level of the aperture
sidelobes is q = -20 to -21 dB (see Figure 7.11).

2. The radius of the spherical surface is determined:
a-= aepa/sineo (7.31)

3. The step of the array is determined (see (7.26)); when vy = 45 - 60°, the
step is d/A = 0.59 - 0.54 (see Figure 7.11).

4. The requisite number of radiators N in the case of a triangular layout grid,
taking formulas (7.25) and (7.28) into account, is found from the expression:

N = N'/(200)% (7.32)

where
r ot pa (hsindP
N* = 5 Cos s, (7.33)
(see Figure 7.11). The overall number of radiators in a gpherical phased array
in the case of narrow directional patterns is N =10% - 10°.

7.4, Polyhedral Phased Antenna Arrays.

Classification. Excitation Techniques. Polyhedral phased antenna arrays take
the form of a system of planar phased arrays (subarrays), arranged on the ‘
faces of a convex polyhedron.

Where the number of subarrays is Ng,, < 10, they are usually arranged on the
faces of a regular or truncated pyramid. Such polyhedral phased arrays are
called pyramidal. In the case of a large number of subarrays, they are placed
on the faces of a regular polyhedron (for example, an icosahedron) on inscribed
in the sphere of a polyhedron derived from an icosahedron by the sequential
frgctionization of its faces. The overall number of subarrays can reach Ng,, =
104 - 103, while the overall number of radiators runs to N & 107 - 10°.

In terms of the directional pattern parameters, pyramidal phased arrayg are
close to planar arrays, while polyhedral phased arrays where Ng,p, = 10° are
close to conformal phased arrays (such phased arrays can be called quasicon-
formal). A spatial excitation technique (in a transmissive variant) can also
be used to excite the subarrays, in addition to feeder and active excitation
methods.

Polyhedral phased arrays have the following advantages over planar and hybrid
phased antenna arrays: the possibility of realizing hemispherical scanning with
smaller fluctuations in the gain and better utilization of the surface taken up
by the radiators. As compared to conformal phased arrays, they are better suited
for production, something which is related to the use of not just modules of

the same type, but also subarrays of the same type, as well as the utilization

of a spatial feed system for the subarrays and the simplification of the phase
distribution control system.
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In pyramidal phased arrays, the planar subarrays are placed on the faces of
regular or truncated pyramids where the number of side faces is M =3 - 6
(Figure 7.12). Two phasing modes are possible for the subarrays: independent
and combined. In the first mode, each subarray scans independently of the
others in a definite spatial sector; in the second, several subarrays scan as
a single system. It is expedient to employ both modes in combination.

2r/H

Figure 7.12. Pyramidal phased antenna arrays.
In the case of independent phasing, the design procedure for the structural and
radio engineering parameters of planar subarrays does not differ from the
procedure used for planar phased arrays.

The optimal slope angle for the side face of a pyramid, Eopt’ can be determined
by working from one of the following requirements:

1) Maximum gain in a definite direction, Op,,, and in this case:

Eopt = emax ;Eou'r‘ ‘ ()mnx; » (7.34)
2) Minimum variations in the gain, in the hemisphere, in this case:
n
gonr == OI'C”.,I (COS _A—T) * (7 -35)
For a truncated pyramid (using the upper face, where a subarray can be placed):
- arccos .s.i‘_..._l/ sect 2 cosect X . »
&,pt == arccos (costc yy cosec m cosec y l-1]. (7.36)

The minimum gain Gy, is obtained with maximum beam deflection from the normal
to the subarray:

0., - - arccos (sin & cos /M). 7.37)

The drop in the gain at the boundary of the scan sectors of the subarrays in
the case of a cosine directional pattern of a radiator is:

AG [1B]) 22 10 1g (cos? 0,). (7.38)
The main lobe uniqueness condition requires limiting the step of the subarrays:
dIh < (1 -1 sin 0gy) 7, (7.39)
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and therefore, the overall number of radiators in a pyramidal phased array with
a circular configuration for the subarrays N = AN' arranged on the faces of the
pyramid, where: : .

k3 Co 5_
e Zﬂm in the case of a square grid,
3 [ Cos \*
EJK— (7£1") in the case of a triangular grid.
8 20,5
Cg.5 = 62--67 when q = -20 -- -25 dB and with a quasioptimal amplitude distri-

bution (or the equivalent thinning of the subarrays) ;

N { M (1 -} sin 0g,)? for a pyramid,
(M--1)(1+}-sin0,)* for a truncated pyramid.

Comparative data are given in Table 7.1 for pyramidal phased arrays where M =
3--6. An analysis of the data of Table 7.1 shows that pyramidal systems with
four sides have the best combination of parameters. In this case, a truncated
pyramid (five subarrays) has the least fluctuations in the gain, while a four
sided pyramid without a top face has the fewest number of radiators.

TABLE 7.1.

Tapamerp Tiupamuna Yceuennan anpamia

M 3 4 6

B
(=2}
w
-
o

ot 63,5 54,7 61,0 49,1 82,5 | 74,5 | 69,6 | 66,8

| 0:'{ 63,5 n4,7 51,0 49,1 60,3 | 47,1 } 40,7 | 37,3
—AG, 7,0 4,8 4,0 3,7 6,11 3,3{ 2,4] 2,0
N’ 10,8 13,2 15,8 18,5 14,01 15,0 16,4] 18,1

The joint phasing of several adjacent subarrays of pyramidal phased arrays is
expedient to reduce the drop in the gain in the region of the boundaries of
adjacent sectors. Thus, for a pyramidal phased array where M = 4, the joint
phasing of two subarrays in ‘a range of + 20 to + 25° from the boundaries of
adjacent sectors leads to a drop in the | gain from 4.8 down to 1.0 to 1.5 dB. In
this case, the considerable spacing between the centers of the subarrays leads
to the appearance of additional diffraction lobes, having a level of -10 to -13
dB.

Pyramidal phased arrays are the simplest in terms of structural design among
phased arrays with hemispherical scanning, but have considerable fluctuations
in gain within the hemisphere,

- 165 -

_ FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0

FOR OFFICIAL USE ONLY

%A
S

Figure 7.13. A strip structure of a Figure 7.14. An icosahedral structure

polyhedral phased antenna for a polyhedral phased
array. : ~ antenna array.

It is expedient to use quasiconformal phased arrays in the form of polyhedra
inscribed in a sphere, where the polyhedra have a large number of almost iden-
tical faces (20 to 400), on which identical planar subarrays are arranged, to
reduce fluctuations in the gain within the scan sector. The subarrays can be
realized in the form of strip (Figure 7.13) or icosahedral structures (Figure
7.14). The number of radiators in one subarray (10 to 100) is governed by the
requisite overall number of radiators in the phased array, N, the minimum
permissible number of subarrays, Ngyp, and the operational convenience of the
system.

When Ng .4 = 102, estimates of the main structural design and radio engineering
parameters of a quasiconformal polyhedral phased array can be derived just as
for a spherical phased array (see § 3.4). However, breaking the radiating
system down into subarrays and the polyhedral shape of the radiating surface
cause a certain change in the parameters, primarily in the gain and the direc-
tional pattern.

We shall use the number of subarrays N arranged about the periphery of a great
circle. of the sphere as an independent parameter. When Ng > 10, the overall
number of subarrays Ng .., placed on the faces of a polyhedron inscribed in a
spherical segment, bounded by the angles 0 < ©' sm/2+ 8g, can be approximated
by the expression: )

Nupg(l ‘l" Si“ (00) ”6/2“' (7'41)

The overall number of subarrays in the case of strip and icosahedral structures
of a polyhedron is shown in the graphs of Figure 7.15.

Since when ng > 10, the faces cannot be the same, while it is expedient'to
standardize the form and dimensions of the subarrays, the entire area of the
faces cannot be utilized. The losses in area lead to gain losses of:

AGg [dB] = 10 log (Ncsc/ssph) AGs [1B]~=101g (N S/ Seip)s (7.42)
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where S, is the area of one subarray; Ssph is the truncated area of the sphere,

circumscribed around the polyhedron.
Hip

5102

210% -
72}

801+

/74 W N S N A N |
7 30 50 70 ng
Figure 7.15. N, as a function ot ng
(the solid curves are for
an icosahedral structure;
the dashed curves are for
a strip structure).

The gain losses 4Gj,gg for strip and
icosahedral structures of a polyhedral
phased array fall off with an increase
in ny; when ny = 10--102, AGg = -1.5 to
-0.5 dB.

The control of the phase distribution and
the motion of the radiating region in
quasiconformal polyhedral phased arrays
have some special features.

1. The steering of the radiating region
is accomplished by turning not individual
radiators on and off, but rather entire
subarrays; since 10 to 100 subarrays are
incorporated in the radiating region
(sometimes less than 10), this causes
jumps in the gain, which fall off with
an increase in ng; when ng = 10--102

and 84 = 45--60°, the jumps in the gain
when switching the subarrays amount to
from 2 to 0.1 dB; when ng > 30, they do
not exceed 0.5 dB.

2. Multistage phase control is usnally employed in polyhedral phased arrays:
a special computer specifies the phase distribution relative to the centers of

the subarrays included in the radiating

region (see (7.29)); each planar sub-

array is focused by conventional means in the common direction (@pains $main)-

The calculation of the directional pattern, the gain and the overall structural
design parameters can be carried out just as in the case of spherical phased

arrays, while the design calculations for each subarray (structure, excitation,

matching, phasing) can be performed in accordance with the procedure used for

planar phased arrays.
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8. BEAM STEERING SYSTEMS FOR PHASED ANTENNA ARRAYS
8.1. Phased Antenna Array Control Problems.

Various electronically controlled radiofrequency devices are used for control
of the phase distribution of phased antenna array: phase shifters, switchers,
splitters and attenuators. Phase shifters are used in modern phased arrays in
which the phase shift can be varied discretely: in quantum steps, where the
number of quanta is equal to 2V, v =3, 4, 5, while the quantum step is A =
360° - 27V, i.e., 45°, 22°30', 11°15' respectively.

The phase shifting elements in phase shifters can be ferrites and semiconductor
devices, in particular, PIN diodes. The structural design of the phase shifters
also differs correspondingly. The operation of phase shifting elements is
assured by actuating amplifiers, which are an integral part of the phase shif-
ters. The control signal is fed to the input of the actuating amplifiers from
the phase shifter control unit.

Phase shifters also have such a configuration of the phase shifting elements
that the number of its inputs is equal to the digit capacity (v) of the phase
shifter. A binary quantized signal is fed to each input. Consequently, a
v-place parallel binary code is fed to the phase shifter.

High frequency switchers provide for the connection of the input RF channel to
one of the two output channels in accordance with the binary control signal
which is fed in. Consequently, the signal controlling the switcher is a single
place binary code. '

Attenuators are RF devices, the gain or the attenuation of which depends on the
control signal level. This control signal can be either continuous (analog) or
quantized. -

The problems of beam steering in phased antenna arrays can be treated the most
completely using the example of a circular scan receiving phased array, for

- which a generalized structural configuration of the control system is shown
in Figure 8.1. To provide electronic scanning in a wide scan sector (for exam-
ple, in the hemisphere above a ground surface), it is necessary to employ
phased arrays with a convex structure, for example, a spherical configuration.

The receiving elements and phase shifters are combined in subarrays, most frg-
quently planar arrays. The number of phased array elements can run up to 10
and more and the number of subarrays can reach several hundreds. The combining
of the components in subarrays is necessary to reduce the number of input
channels of the switcher and simplify its design. Moreover, the packing of the
spherical surface with planar subarrays makes it possible to use the very
simplest row and column algorithms and control devices.

Only the working region of a phased array surface participates in generating a
- directional pattern in a specified direction. The smaller the number of sub-
arrays incorporated in the working region, the fewer the possibilities for
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- adaptation: spatial filtering of interference. The greater the number of sub-
arrays incorporated in the working region, the more complicated the switcher is.
Taking these contradictory requirements into account, the number of subarrays in
the working region can fluctuate in a wide range (5 to 50).

i The number of possible working zones is limited to several tens (depending on the

structural design of the phased array).

Each working zone provides for scanning

in a definite sector of space, usually not exceeding + 15 to + 30° from the

center direction.

The switcher serves to connect the subarrays participating in the formation of

the working zone to the subsequent processing channels.

The number of RF inputs

to the switcher is equal to the total number of subarrays on the surface of the
phased antenna array, while the number of outputs is equal to the number of sub-

arrays included in the working zone.

The switcher consists of a set of RF

switches, connected in accordance with a truth table and controlled by signals
generated in the switcher control unit (BUK).

fﬂ:}aﬂ " v Awmenna)

A Antennaj|

I'4 ' |

T |

Cz e -z 1

I L )

@ |- M) I

- |

(3 % 11'*{ Adimimrzcr Adapter ||
% ! 113 -1

[ - |
(6) 1/70/,/‘?‘('/-{/7.,;{,-1; winfl) O (91I

B e

|
! ’
(1) {[eaw] s o7

+——_-From computer
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Figure 8.1. Structural configuration of
a receiving phased antenna
array.

The phasing direction code (direction
cosines of the main lobe of the direc-
tional pattern) is fed to the input of
the phase shifter controller (BUF) from
the central computer. The codes which
are fed to the phase shifters are gene-
rated in accordance with this code. For
this reason, it is most expedient to
design the phase shifter controllers in
the form of a special digital computer.
The phase shifter controller is the most
complex and most important assembly of
the beam steering system (SU) and will
be treated in more detail in subsequent
sections.

Modern circular scan phased arrays take
the form of extremely large and complex

Key: 1. Beam steering system; structures. These structures undergo
2. Phase shifter controller; deformations, both elastic and irrever-
3. Automatic tuning unit; sible when exposed to external factors
4, Switcher control unit; (temperature changes, wind, rain, snow,
5. Adaptation control unit; etc.). As a result, the position of the
6. Monopulse signal pro- direction of the main lobe of the direc-

cessing controller; tional pattern in space changes. If the

7. Automatic monitor; errors caused by these deformations ex-
8. Switcher; ceed the specified aiming precisiom, it
9. Monopulse unit. becomes necessary to have tuning and

automatic fine tuning. Information on
the phased array geometry, external factors, true coordinates of the targets or
aiming points, based on which the tuning is accomplished, is fed to the input of
the automatic tuning unit (BAN). The correction signals generated by the auto-
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matic tuning unit are fed to the phase shifter controller, eliminating or reducing
the phase distribution errors.

|
i 7
i

il - 1y

v |4 ”
71213 22225 U ni K2 nsak
12 nl 1325 nd "2 né

e nZ = .
7 7 /) v

Figure 8.2. The principle of monopulse signal processing.

Modern radar is unthinkable without interference filtering (natural and artific-
ial). Spatial filtration is also used along with frequency and time filtration.
Any directional antenna realizes spatial filtration. However, even with spatial
filtering of interference from different directions, falling on the sidelobes of
the directional pattern, reception is disrupted if the interference power is
much greater than the power of the useful received signal.

Adaptation systems have been developed to attenuate tne impact of interference in
modern phased arrays. The amplitude-phase distribution on the surface of a phased
array is changed in such a manner as a consequence of adaptation that reception is
substantially attenuated from interference source directions, retaining in' this
case a sufficient level of the useful received signal in the direction of the

main lobe of the directional pattern. As a result of adaptation, "nulls" or
"dips" are formed in the directional pattern in the directions of the interference.

Adaptation is all the more effective, the more the paraceters of the amplitude-
phase distribution change and the greater the number of channels in the adapta-
tion system. Usually, the gains and phase shift (amplitude-phase adaptation) or
only the phase shift (phase adaptation) change in each channel during adaptation.
In the case of amplitude-phase adaptation, each channel is split into two
quadrature channels (with a phase shift of n/2), and a controlled attenuator with
a gain which varies from -1 to +1 is inserted in each subchannel. Thus, the
amplitude can be varied from 0 to ¥2 and the phase varied from O to 2m. In the
case of phase adaptation, a controlled phase shifter is used in each channel.

The adaptation controller (BUA) generates control signals for the attenuators and
phase shifters. The algorithms in accordance with which these control signals
are generated depend on the presence and completeness of the data on the inter-
ference sources, as well as on the choice of the adaptation quality indicator.

In the case of a multichannel antenna and monopulse signal processing, it becomes
possible to simultaneously generate four directional patterns, which are shifted
in pairs by approximately half of the 0.5 power level directional pattern width.

For this, four splitting phase shifters each are installed in each channel, as
shown in Figure 8.2. The phase shifts in these phase shifters must be changed
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when the direction of phasing changes within one working zone and when changing
the working zones. Consequently, the splitting phase shifters are controllable,
and a monopulse signal processing control unit (BUM) is provided to control them.

An automatic monitor unit (BAK) for both the operability of the control system
itself and the antenna complex as a whole is included in the phased array control
system in addition to the units enumerated above (phase shifter controller, auto-
matic tuning unit, switcher control unit, adaptation controller and monopulse
signal processing controller). It should be noted that the monitoring of the
operational status of the phased array requires a clear cut definition of entire
antenna failure. Experiments show that the failure of up to 10% of all of the
elements does not lead to the failure of the entire antenna. In this case, the
shape of the directional pattern changes somewhat, but the antenna remains
operable.

The structural configuration of a phased array described here, of course, is not
the only one. The control system is somewhat simpler in transmitting phase
arrays: there is no adaptation control unit, no monopulse processing, there
can be many fewer modules and the switcher can be altogether absent or substan-
tially simplified. The control system for a phased array with a small scan
sector is simplified a great deal, when one can use an antenna with a planar
configuration,

8.2. Control Algorithms for Phase Shifters.

The major task of controlling phase shifters is the generation of a plane phase
front, perpendicular to the specified phasing direction.

The phasing direction is a unit vector rns having coordinates of E£up, £y, and
€zm» which are direction cosines. The phasing direction can also be specified
by two angles @ and ¢, however, the algorithms for computing the control codes
prove to be considerably more complicated in this case.

We shall consider the i-th radiating element with phase center coordinates of
Ri(xi, ¥is 2i). In order to produce a plane wave front, perpendicular to r, and
passing through the origin, it is necessary to compensate for the spatial phase
change at a distance of dj with the phase shifter (Figure 8.3). This distance is
determined by the scalar product:

di=(Ritm) =X &em - Wi bym-| 21 Erm- (8.1)

For a specified wavelength A, at this distance the phase change (in radians) is
defined as follows:

(p ﬁl_ d _EJ_!
P B A 1= A (i Exm 1-m1 Emn |-2i Ezm). (8.2)

The phase change can contain a definite number of whole periods and an additional
phase shift ¢y:
(Dxlr—-QIllc 1@y,

(8.3)
where k is an integer.
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Since a phase shift of 2nk does not have any influence when combining harmonics,
the phase shifter should compensate for the phase shift of &;, determined from
(8.2):

2y

‘D1=2ﬂ{% Exm+ ’!;"l‘gym'l"i‘gzm}np- (8.4)

where {'}AP is the operation of isolating the fractional part of the number.

4

As has already been noted, phase shifters
with a quantum step of A + 21 - 27V rad
are used at the present time for control-
ling the beam of phased arrays. The
value of the quantized phase shift is
found by quantizing ¢, i.e., by per-
forming a nonlinear transformation,
defined by the graphs shown in Figure

8.4 for v = 2. In these graphs, the
phase shifts are plotted on the ordi-
nate, where these shifts can be produced
Figure 8.3. On the determination of the by the phase shifter, while the conti-

spatial phase change. nuous value of &; is plotted along the
i
L] ¢iua
qu qu ,
/7 A
[ 77 ) SUp— _/7_.‘ L 7] S a4 i
Y] ‘ 24| 4L !
Vi | v |
4 '/)f ; 4 4 , {
P 1 I . A | |
@y 279 270y g o

Figure 8.4, Rounding off to the least (a) and to the nearest (b)
value.

abscissa. The quantization operation is essentially one of rounding-off: in
Figure 8.4a, in the direction of the least, and in Figure 8.4b, in the direction
of the nearest permitted (quantized) value. A definite binary v-digit code,

ng, corresponds to each permitted value of the phase shift. It is convenient,
and so it is usually done, for this code to numerically determine the number of
quanta included in &4 qu OF to determine a quantity proportional to this number.

To determine the control code when rounding-off in the direction of the least
value of n;, the phase shift ¢; is not to be expressed in radians, but rather in
quanta by working from the fact that 2m radians correspond to 2V quanta, and
after this, the lower order digits following the decimal point are rejected, i.c.,
the integer part of the following number is singled out:

D ) fov [ X UL VA |

where {-}Ll is the isolation of the integer portion of the number.
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If all of the numbers included in (8.5) are expressed in binary notation,  then
multiplying by 2V is simply shifting the number over by v places. This operation
can be performed by a separation method, not feeding the integer part of 2Y04/2n
to the control inputs of the phase shifter, but rather the v high order digits

of the number ¢;/2w. Then the algorithm for computing the code for the i-th
phase shifter can be written inthe following manner:

(8.6)
ny=s;—[sth—1si [v+ i
where:

Si ==X gx.m'i‘yl Eym-21Ezms (8.7)

X = xi/A; ¥Yi =Y /A3 and zy = z{/\ are the coordinates expressed in wavelengths;
[*] are the digits to the left of the decimal point, beginning with the first;
]-[y+1 are the digits to the right of the decimal point, starting with v + 1.

Thus, to calculate the control code for a v-place capacity phase shifter, it is
necessary to perform three multiplication and two addition (8.7) operationms,
after which the v digits to the right of the decimal point are isolated. Element
coordinates are stored in a read only memory; the codes for the direction cosines
are fed to the input of the beam control system.

Y \\\\\ _f\
L AN
| | W
//’!/ o . 1 @/ ) \\ -.\.\\\ \
\ ._\__’
Jdoo i Y e
\ .
3y ]
0 A kAT X /0,
K
Figure 8.5. A planar orthogonal phased Figure 8.6. On the beam steering of
antenna array. a modular phased array. .

When rounding off to the nearest side, as can be seen from Figure 8.4b, prior

to rounding off it is necessary to add 2-(vHl) to the number s;, which corresponds
to adding half of a quantum step to ¢;. Adding 27 vl corresponds to feeding

a carry to the (v + 1)th digit following the decimal point after finishing the
computation of the unit place.

The algorithm (8.6), (8.7) provides for calculating the code for any phase
shifter and is therefore applicable to any phased array design, however, its
realization requires either that an individual computer (and then the speed of
the control system will be a maximum) be installed at each phase shifter, or
that the phase codes be computed sequentially for a group of phase shifters.
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In the latter case, it is necessary to prcvide a switcher which connects the
computer sequentially to the requisite elements. The control circuitry can
be simplified in the special of a planar phased array with an equally spaced
configuration of the elements.

As can be seen from Figure 8.5, each element has its own column and row number,
ag]. The coordinates of an element are xij = kAx, ¥ = 14y and 2y = 0.
Consequently, algorithm (8.7) reduces to the form:

sntRAXE e | 1A Eyuy B} ley. (8.8)

This is the so-called row and column control algorithm. It is necessary to
compute the phase changes for the array step along the x and y axes to realize
this algorithm: e, = AxE ., and ey = AyE._, after which, by using expression
(8.8), the total phase shift s)q gs comnged, and finally, the quantization is

performed in accordance with (8.6).

The calculation of key and le, can be simplified if one considers that k and 1
are integers. Thus, if k, 1 = 2, 4, 8, 16, etc., then multiplication is accom-
plished by simply shifting by one, two and three places respectively. Multipli-
cation by 3, 5, 6, ... reduces to the addition of the two numbers already
obtained for the corresponding cells (2 +1 =3, 4+ 1 =25, 4+ 2= 6, etc.).

In a similar manner, multiplication by other integers can also be realized, for
example, 7=6+1=4+2+1,11 =8+ 2+ 1.

If the working zone of an antenna consists of several planar modules, then the
phasing is accomplished in a single system of coordinates. In this case, the
reference phase sqq is calculated for each module, which is determined by the
spatial phase change of the i-th module (dy) relative to the phase at the origin
of the central system of coordinates XYZ, as shown in Figure 8.6. The phase
change in accordance with an expression similar to (8.8), but which takes into
account the position and orientation of the module, is added to this reference

phase.
Thus:

Shit " Soo “I""'x' | ll—‘,”.. (8 9)
The further generation of the control code is carried out in accordance with
(8.6).

To calculate the phase changes for the array step ey and e+ , it is necessary
to determine the spatial phase changes in a single system o¥ coordinates for
two points on the X' axis ard two points on the Y' axis (for example, for the
points 0, 1 and 2 in Figure 8.6), and then to determine the difference in the

phase Changes * Fors Spar S Xbam | .’/.E.ym 4 21a Ezm-—(Xo0 Exm -l too E-_um | 2Ezm) =+

“Ax Bamd Ay Eym 1 Az Bz,
A" Exm |-Ay" Eym | A2" Gz

Ax' = xy0-- Xan, Ax" - Xpp -~ Xon, (8.10)
Ay’ e - Yoo Ay’ e Mo,
Az 2y 2w Az" . 2g0- 200

l".y,‘
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X90» Yoo and zpq are the coordinates of the point 0'; %310, y10 and zjq are the
coordinates of point 1; X01» Yo1 and zg; are the coordinates of point 2 in
Figure 8.6:

Son Yoo g!lm'l‘zno E:»un- (8 11)

Row and column algorithms are applicable in the case of equally spaced modules
in a planar phased array. However, to reduce the directional pattern sidelobes,
it is expedient to introduced random components into the configuration of the
modules. In this case, the application of row and column algorithms proves to
be impossible in the general case. A quasirandom arrangement of the modules

at the nodes of a rather thick equally spaced array is sometimes used, the
majority of the nodes of which remain unfilled. Individual control with the
calculation of the code independently for each cell remains a universal approach.

8.3. Algorithms for Generating Directional Patterns of Speciél Shapes.

When generating a directional pattern of a special shape (cosiecant, beavertail
pattern, etc.), the wave front in the direction of the radiation differs from

a plane front. A small deviation from a plane front is achieved by changing the
geometry of conventional parabolic antennas, for example, using special cosecant
hoods.

The requisite deviations from a plane front can be realized in phased arrays by
feeding the appropriate control codes to the phase shifters. This makes it
possible to change the shape of the directional pattern during operation by
electronic means.

The shape of the directional is specified relative to the direction of radiation
by a functional relationship in the vertical and horizontal planes. For this
reason, the deviation in the phase distribution is specified relative to a plane
front, perpendicular to the phasing direction in the x', y' coordinates. The
0Y' and OZ' coordinate axes and the phasing direction vector, rp, fall in one
plane, and the OX' axis os perpendicular to 0Y' (Figure 8.7).

It can be shown that the unit vectors of the new s&stem of system of coordinates
(14, j, k) are expressed in terms of the unit vectors of the main system of coordi-
nates and the phasing vector rm:

k' ot = iEam-| l.&ym'l kgzm,v

i i k
0 0 0
. kk’ - Exm Eym Eam - —iEym | Evm
el kKT | VEin | bim 6.1
- ABxm Ezm=—J&ym Ezm |-k (_E;m }E‘l:rn)
ik ke ,
Vgxm - E’ym

where [A B] is the vector product of the vectors A and B.
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' —-XEym-F YExmn
! Rl e —— ’
) * (RD l’ g;m + g;rn
- ' y'==(R}') -
i —xExm Ezm—YEzm | 2(E}n—Ejm)
V 'é},,, b E';m '

(8.13)

The additional phase shift, which changes the direction of the directional pattern
beam, is given in general form by the function:

Qadd = ‘badd(x" y') = Oy~ Mg (', 9°). . (8.14)

Consequently, the phase shift calcula-
tion algorithm for the i-th cell consists
of the following operation: 1) The cal-
culation of the phase shift to produce

a plane front in accordance with (8.7);
2) The determination of the new coordi-
nates of the cell in accordance with
(8.13); 3) The calculation of the addi-
tional phase shift for the i-th cell in
accordance with (8.14); 4) The determina-
tion of the overall phase shift for the
i-th cell:

Figure 8.7. Rotation of the system of

coordinates. 8 =51+ Ot goms (8.15)

and 5) The determination of the code generated for the control of the i-th phase
shifter, in accordance with (8.6).

The algorith for generating directional patterns of a special shape includes
extremely complex expressions for coordinate transformation (8.13), functional
transformation (8.14), supplemental addition (8.15), and moreover, there remain all
of the procedures for calculating the plane front (8.6) and (8.7).

Different ways of simplifying the computational algorithm are possible by means of
approximating the requisite phase distribution. Thus, with a modular configuration
of a phased array, one can calculate the supplemental phase angles only for the
reference phase of the modules, defined by relationship (8.11). In this case, the
phase distribution in the antenna aperture is of a piecewise plane-parallel nature:
each module produces a plane front, perpendicular to the direction of radiation,
while there are phase jumps between these plane sectioms, which also produce the
total approximation of the phase distribution. ‘
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The phase distributions can be more precisely approximated by the plane sections

if these sections are not made mutually parallel, but tangential to the requisite
phase distribution. 1In this casg, it is necessary to calculate the column for each
module using the complex algorithm of (8.13).

8.4, Switcher Control Algorithms

A switcher serves to generate the working area from the set of subarrays. The
output channels of the switcher are connected to the subarrays of the working zone
in a strictly defined order, for example, the first channel to the center subarray,
the second to the next one up, etc. A possible variant for the generation of the
working area from seven subarrays is shown in Figure 8.8, When the phasing direc-
tion is changed and the working area is changed, the same subarray can appear in a
different place in the working zone. Thus, when producing the working area, which
is shown with the dashed line, the subarray which was designated with the number 1,
is now designated number 7. This same subarray can appear in any other location
in the working zone. Consequently, the switcher should provide for the capability
of connecting each antenna subarray to any output of the switcher.

If the number of input channels (number of antenna
subarrays) is N, while the number of subarrays
including the working zone M, then the number of
switches is:

S, = Mlog,N (8.16)
\ /
\\_O_____O_ / A single digit control code (0 or 1) is fed to each
switch. Consequently, the control unit for the
Figure 8.8. Shifting the - switcher has Sp outputs. The direction code (of
working zone. the direction cosines of the vector rp) is fed to

the input of this device. The operational algorithm

for the control device for the switcher is broken
down into two parts: the determination of the number of the working area which will
generate the directional pattern in the requisite directiocn, and the generation of
the control signals for the switches of the switcher. The first task is handled by
a decoder and the second by an encoder.

Each working zone provides for scanning space in a rather narrow sector of +15 to
+20° relative to the central direction of the given working zone. When the target
leaves this sector, the next working zone is switched on. For this reason, the
task of selecting the working zone consists in determining whether the specified
direction belongs to the scan sector of a working zone. This task is simplest to
solve by determing the angle between the central direction of the working zone and
the specified ‘phasing direction.

That working zone is selected for which this angle is the least. To curtail the
calculations, one can determine the cosine of this angle and select that working
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5 (b)

Figure 8.9. Priority coupling configuration.

zone for which this cosine is the greatest. The calculation of the cosine of an
angle is the determination of the scalar product of two unit vectors:

€05 ¥v=(rm fn) =&xm Exn+ Eym Byt Ezm Eems (8.17)

where v 1s the angle betwern the phasing direction and the central direction of

the working zone; r(&x , by » &2 ) is the unit vector of the center direction of
the working zone. :

The coordinates of the working zone center in spherical antennas are proportional
to the direction cosines of the center direction of the working zone:

Ru (g, Yuxr 20 =R (Bcapo Byms am)- (8.18)

For this reason, (8.17) may not be computed, but the quantites sj determined by
(8.7) compared in calculating the reference phase of a module.

The algorthims for selecting the greatest from a set of values can differ. The
simplest is a sequential elimination of the least values, however, it requires the
performance of hundreds (based on the number of working areas) of sequential compar-
isons, and for this reason, it is the worst in terms of operational speed. Since
the function (8.17) is monotonic with respect to v, there is no need to compare
the value of this function for a given working zone with the values for all other
zones; it is sufficient to compare it with the nearest zones on the surface of the
phased array. That working zone is selected for which the value of cos v 1is the
greatest 4s compared to the nearest one, but not with all of them. '

It can be seen from Figure 8.8 that the nearest working zones can number no more
than six. Consequently, the choice of the working zone is made by an AND gate with
six inputs. When the value of cos(v) is equal for two or even three working zones,
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it is necessary to give priority to a particular circuit. A schematic showing
priority based on a given direction (axial priority) is shown as an example in
Figure 8.9. Each arrow in this figure is a priority comparison gate, the opera-
tional principle of which is shown in Figure 8.9b, When cos(v) is equal for the
right and left working zones, a "1" will be fed to AND gate of the right side
working zone; this zone enjoys the priority in this case.

Thus, the switcher control unit consists of two units: a decoder and an encoder.
The phasing direction code is‘fed to the decoder input. A "1" signal appears at
one of the Ny, z, outputs of the decoder, which corresponds to the selected working
zone, while a "zero" appears at the remaining ones (Ny.z. is the number of working
zones, which can be less than the number of subarrays, since not every subarray
can be the center of a working zone.

The encoder has Ny,z, inputs and Sp outputs (S, is the number of binary switches
in the RF switcher). When a "1" is fed to one of the encoder inputs, a S-digit
code is produced at its output, which provides for the connection of the requisite
subarrays into a working zone in accordance with the truth table.

For convex phased arrays, the truth table is drawn up manually. This is explained
by the fact that convex surfaces (sphere, ellipsoid of rotation, etc.) cannot be
packed regularly with a rather large number of points. It is known from geometry
that no more than 12 points (an icosahedron) can be regularly arranged [equi-
distantly spaced] on a complete sphere. For this reason, when packing a sphere with
a large number of subarrays, it is impossible to provide for an identical configur-
ation of the working zones and to define a single phasing algorithm. This leads to
the necessity of composing the truth table for the switcher manually.

The circuit configuration for encoders are determined by the component base and
are described in the considerable literature on digital device design.

8.5. Adaptation Control Algorithms

Phased array adaptation is the generation of such a directional pattern that ar
improvement is assured in the .quality indicators for antenna functioning. Optimal
adaptation provides for the extremum of the generalized quality indicator.

Adaptation of receiving phased arrays is accomplished for the spatial filtering

of interference, i.e., to suppress the gain in the directions of incoming inter-
ference while retaining adequate gain in the requisite direction. 1In this case,
the quality indicator is either the signal power to noise power ratio at the
output of the phased array, or the mean square error between the requisite and
actual output signals. Adaptation is realized by changing the complex frequency
response in the channels of the modules included in the working zone. Each channel
is split into two: a phase shift of #/2 is realized in one of the subchannels; an
electronically controlled amplifier or attenuator is inserted in each subchannel.
The signals in all the channels are then added. Thus, the output signal:

v NMgw XTW=WX,
[
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where X = [x3] is the column vector of the signals; W = [w{] is the column vectcr
of the weighting coefficients; WT and XT are transposed vectors.

If the requisite signal is yg, then the mean square error is defined by the
expression:

R~ g T | 7§ -~ WX —2W Xt 7 (8.19)

where (-) is averaging with respect to time. The product *XT is the square
matrix for the interchannel cross-correlation coefficients Rxx = [x4x], while
Xyg = Xxy is the corrélation vector between the input signals and the requisite
output signal. Taking this into account, expression (8.19) can be written as
follows:

)~ 0 WE Ryx W—2WTS, -5, (8.20)

The optimal value of the vector for the coefficients w* correspond to the minimal
mean square error e-(t)pin. Any variation wU

W-W*. | uU (8.21)

for an arbitrary vector U and a small coefficient of variation increases the
mean square error. By substituting (8.21) in (8.20), we obtain the function:
02(y). This function is minimal when p = 0. Consequently, the following equation
is observed (the extremum condition):
a8 ()
ap

(8.22)

174
5 (b)

Figure 8.10. Multichannel adaptation.

By substituting (8.21) in (8.20), (8.22) can be written in the following form:

L)f_(l_ll '-'2U1(R.\n\-w'“‘s\»,,) -0,
o o e (8.23)
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Since U is an arbitrary vector, then (8.23) can be satisfied only when the
expression in parentheses is equal to zero, i.e., when RyW* = Sxyg- The vector
of the optimal coefficient is also determined: from this equation:

. W R;'S,, - R5 Xy, (8.24)
) |
This is the equation for optimal Wiener multichannel filtration.
We determine the requisite output signal by the transform Wo on the useful output
signal Xp, so that:
v XaWy WiX,. (8.25)
By virtue of this, expression (8.24) is reduced to the form:
W*e RO X (X7 W) = R;)} Rx.r., W,. (8.26)
In particular, if the input signal contains the expected signal X0 and interference
Xp, then:
- W* (R, . | Ry w -l Ry » YRy Ry .
(Rogxe 1Ry, x, PRy x, 1 Ry x, )7 (Rx, x, 1Ry, x,) Wo (8.27)
s When the signal Xg and the interference Xp are independent:
| W Ry, x, 1R, x,) 7 Ry, x, Wo. (8.28)

It is completely obvious in the absence of interference:

W Rty Ry, v, Woe= Wy : (8.29)

and those coefficients Wg are established in system for which y = yg and there is
no error.

One of the most widespread adaptation control circuit configurations is shown in
Figure 8.10, where the control circuitry for a module and for the argument of the
complex frequency response w; is shown (Figure 8.10a), as well as its schematic
representation (Figure 8.10b). In the case of a linear control characteristic for
the weighting coefficients:

(8.30)

The behavior of the system depicted in Figure 8.10c is described by the expres-
sions:

al
_d(_':‘-ke,, er=exy =y — Yo L‘:"‘zw’"x"“ (8.31)
m
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Eliminating all of the intermediate variables from these expressions and taking
into account the averaging narrow band response of the control system, we obtain
the system of equations:

dwm —_— —_ . '
. T:—ak(z,\"x,ﬂw‘—ygxm),m=l.2.....M. (8.32)

We write this equation as follows in vector form:
W
yr =-ak(Ryx W—Sy, )= —ak (Ryx W—Xy), (8.33)

It follows from (8.33) that in the steady-state mode, the weighting coefficients
are:

W = Wyer= Rz} X0 (8.34)

In this case, as can be seen from a cdémparison with (8.24), the mean square error
e2(t) i8 minimal and the entire system provides for optimal Wiener filtration.

The adaptation circuit described here was proposed for the first time by Widrow.
The main drawback to this configuration is the necessity of apriori knowledge of
the form of the useful (requisite) signal yg. However, if it is knonw, then
adaptation is not necessary.

In the case of signals which are weak relative to the noise, the useful signal
power can be disregarded (yg = 0). In this case, adaptation is realized, however,
in accordance with (8.34) all of the channels are blocked, W + 0 and the antenna
ceases to respond not only to the interfence, but also to any other signals.

Various methods have been proposed for eliminating this deficiency. One of the
techniques is dual mode adaptation. In the first mode, it is assumed that the
useful signal is absent and that the interference is suppressed (along with the
useful signal, if it is present!). In the second mode, the inputs of all of the
channels are switched to a useful signal simulator for X0. 1In this case, the
known output signal yg for the input signal being simulated is fed to the control
circuit.

1f prior to the start of the first mode, the coefficient vector is designated as

Win], then by the end of the first mode of duration 7j, we obtain the increment of
the coefficients in a first approximation determined from (8.33) when yg = O:

dw :
AW[n],-.-“T = —alt, Ry Wlal, n=1,2, ... (8.35)

W [n]

Yo =20
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Similarly, when RXX = RXgxo we determine from (8.33) the increment of the coef-
ficient vector during the second mode which is of duration Tj:

’T, dw

dt W [na)
Rxq X,
Xe

AW [n] = =—akt; Ry, x, W 1] — X, ).

(8.36)

Thus, by the start of the next first mode, the coefficient vector W[n+l] is
determined from (8.35) and (8.36) by the recurrent equation:

Wb 1] =W [n] — ak (%1 Rex+7a Ry, ) W 1] —7s Ko g =

=W [n]—ak {(vs Ryx+Ta Ry, x,) W1l — 7a Ry, x, Wo}. (8.36a)

After completing the transition modes W[n+l] = W[n] = W[~] and using (8.36a), we
find:

WleoJ= (v Ryx 12 Ry, x,)1 12 Ry, x, Wo. (8.37)

It follows from (8.37) that with an increase in the signal level, adaptation
approaches optimal Wiener filtration when the interference and the useful signal
are independent, and in the absence of interference (X; = 0), the adaptation
system provides for the requisite directional pattern.

Various circuits are possible which assure a compromise pattern between that needed
without interference and the optimal one in the presence of interference. Some of
them are shown in Figure 8.11.

Figure 8.11. Variants of adaptation
circuits,

Key: 1. FNCh = low pass filter.
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The circuit configuration described here with mode switching is shown in Figure
8.1la; open loop and closed loop single mode feed circuits for the desired distri-
butions, wg, in the form of low frequency control signals are shown in Figures
8.11b and 8.1llc.

8.6. The Design of Beam Steering Systems for a Specified Precision of the
Directional Pattern Orientation in Space

For the correct choice of the parameters for the beam steering system of a

phased array it is necessary to analyze the errors produced by the control unit
and their impact on the directional pattern. Some three types of control errors
can be singled out according to the point of occurrence: input errors, computer
errors and output quantization errors. In this case, the phase error element of a
phased array can be represented by the expression:

= Rim-F i, (8.38)

where pjy is the phase distortion caused by the input errors; ujr is the phase
distortion caused by computational errors; uiA are the phase shifter quantization
errors.

If the input data in expression (8.1) are specified with errors of 6§i = Ryéri,
§rp, then the resulting error in the computations will be:

Sdi - (Ri 5m) | (8R; t) fuim | Rir. (8.39)

The quantity
Wim  Ri(r; dry) (8‘40)

is the function for each element of the error in the representation of the vector
ry by a digital code, where the argument of this function, érp, which is common
to all elements is determined only the direction of rp.

The second component

ir Ry (Fm irj) (8 ,41)

>
is determined by the errors in the digital code representation of the vector Rj.
The quantity B'r'i differs for each element in the general case.

The quantization error €jA is distributed over the set of elements uniformly in
a range of +4/2, where A is the phase shifter quantum step.

Thus, the phase distortion ejy is functionally distributed over the elements of
the phased array. The quantities ujr and up in the case of a large number of
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phased array elements not mutually correlated and are randomly distributed over
the elements of the phased array. The mathematical expectations of the errors €{r

and e4p are equal to zero by virtue of the symmetry of the distribution of these
quantities,

The dispersion of these errors is:
a2
Plar sl = el | D [a) - R G212 1012 D, -9y, 8.42)

where q, = 27Pr; p, is the number of digit places in the computer.

In analyzing the impact of control errrors on the shifting of the directional
pattern maximum with deviations in the: . phase direction r, from the axis of symmetry
of a convex phased array through an angle of 6 < 15--~20°, the vector for the dis-
placement in the directional pattern maximum can be represented as the vector sum
of two orthogonal components.

It has been demonstrated that in a first approximation the position of a directional
pattern maximum in space is defined by the normal to the plane of regression of the
phase distribution. Taking this displacement of the directional pattern maximum
into account, hyx and hy are defined by the following ratios:

N N

1\-: Ci(irar-114a) }_‘, yi (ir |'I‘;A) (8.43)
h v oy 3y2 =
‘}1‘ X} Y
N N 2
D)= Nt (. .m/ ( Ex?) =D [yl -~ Ci (P 1-D,); (8.44)
i i . -
Mgl -~ M [hy] - 0, (8.45)

In a rectangular planar array of m x m cells, the displacements of thé direc-

tional pattern maxima in the X0Z and YOZ planes are independent and are determined

by the errors in the calculation of the phase change over an array step, X0s Y0
- and by the quantization errors of the cells, uyj:

m m n
he NN kpuafmeg X k) po/xg (8.46)
[y k=l
m
D el Dalxd L Dyfmes D) ke,
sl

P (8.47)

where up is the error in calculating the phase shift for one step of the planar

array; Mkl is the quantization error of the kl-th cell; kl are the numbers of the
cells with respect to rows and columns.
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The shift in the directional pattern maximum because of the functional error is
defined similarly:

N

N N
Jx \ S NiPim _\_J Niy g ‘\J”’- ""“/,}.‘].’/Iz- (8.48)
o H

‘ i

Since the following condition is met for an axially symmetric phased array:

N N
4\
N oxigis ) xz=0, - (8.49)

f== 1 1==1

Then expression (8.48) can be represented in the form:

brm \ sl',,. ‘ i N
Jx =g \‘ ,_\., x Ry = “"'[ (2 Xy x:) 1] ]( ) vlyl)AlA .
MEE NEARE N (8.50)
Q= ;-_ | .
1k ‘ ,\,z,)
l»H 1
B i: : 0xyy, (8.51)

where qp = 27Pm; pp is the number of digits which specify the components of a unit
vector.

An analysis of the random quantities hy and h, shows that they have a two-
dimensional gaussian distribution while the correlation coefficient between the
quantities hy and hy is equal to zero. In this case, the scalar value of h =

= /hZ + hy2 has a Rayleigh distribution.

h i (8.52)
) (P(’l)= = ;r— exp -5‘—,: ,

where ar.-ai:-oi- 9|y -9 |kl
The distribution of the system of random quantities fx and fy is uniform in a
range of:

—qml2 < fx < qm/2, —qul2 <[y < Gmi2;
~Qqm V§/2 < f -‘—‘=-|/ ’; i [; < l/ {IIVI/4 b fl,,,/‘ Im V§/2 (8, 53)
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Thus, the input errors determine the discrete positions of a phased array beam in
space. Its displacement, which is caused by these errors, depends only on the
number of digits in the code which specifies the direction cosines of the vector ry.
Computational errors and output quantization errors lead to a random shifting of
the beam from its discrete positions. The shift depends on the phased array
geometry, the number of elements in the array, the word length of the computer and
the word length of the phase shifters which are used.

We shall consider the procedure for calculating the parameters of the control
system computer by a phased array. Let the discrete step for beam steering, fyax
(radians) and the ultimate permissible steering error, hpax, be specified, where
fmax > Pmax-

We determine the number of digits py in the input code from expression (8.53):

im V2_/2 < ilv\a;(; (8.54)
Considering the fact that qm = 2 PM, we obtain:

(8.55)

P > — (1083 fraax-1-0,5).

We determine thw word step p, by means of relationships (8.42) or (8.44) given
the condition:

x> 0,99 [h] - 9Cy (Dy D). (8.56)

For this, we express the permissible dispersion Dp:

Dp <3 JICK Dy ' (8.57)

For a known value of the quantum step of the phase shifter and a known phased
array geometry, we find:

a2 ! \ < 8.58
Dy <= o x,’mZy,’. (8.58)
{

12 R

Taking (8.42) into account, we obtain:

1 Npax
<=1/ 12(-"%p,),
ISR ‘/ ( 9Cp ") (8.59)

whence: > -logzq (8.60)

- 187 -

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP382-00850R000500040020-0



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0

_ FOR OFFICIAL USE ONLY

The computation sequence established here makes it possible to determine the word
length of the input data code and the word length of the computer based on the
requisite discrete step and precision of phased array beam steering, given the
condition that the coordinates of the phased array elements and the phase shifter
quantum step are specified.

Sample Calculation. 1. The planar array m xm, m = 11, x0 = yo = 27 and A = n/4
is specified. The requisite discrete step for the beam is 1° and the beam steering
precision is 10'.

We express the angular quantities in radians:

£ =1.75 . 1072 rad; h o o=0.292 - 1072 rad.
max max

Substituting the value fpax in (8.47), we obtain:

- p_ 2 -(log1.75 - 1072 + 0.5) = 55 [sic].

We choose pp = 6 digits.

We determine the square of the permissible beam deflection:

w2 (0.292 - 10722 = 8.5 - 107° rad’.
max

- The second term in equation (8.47) is:

Dy -- (m/4)2 (1/12) - 146;17.11(;-‘-1 0, 3410-5paxl.
o R 93 .1-42 |- 52 V7.
mxd 2 p? H@up2 (142431425
m
The first term in equation (8.47) is:
I . -
H’_’;_ ) ..If!‘_'i‘f_,,_o 31.10-0= _E'_s_.lg._u._*o,;;/;.lo-smo,ﬁ.m'ﬂ pas?.
X3 9 ! 9

We determine the computer word:

Dp=x3q2/12, Dy/x3=p?[12:20,5-10-¢,
whence: —
q?=7,2-1078, g,=2""r =2,68.10-3,

From the last expression, we have the following:

-p logZ = -3 + 0.43 = -2,57; P2 2.57/0.3 = 8.6
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We choose Py = 9 digits.
2. A hemispherical array has a radius p; = 25 « 29, A = w/4 and C1 = 0.2 - 10—4.

The digit capacity of the input code pp has already been determined. We substitute
the initial data in equation (8.58):

8,5-10-¢  (n/4)p
9,02-10-4 12

Dr < =4,72.10-3—1,63-10-3=3,09-10-2 pan?.

- We obtain the following from formula (8.59):

T 809107
12.3,09.10~3 e ———————=3,87:10-3,
2n V 10 1,57.10%

’lr<25‘

From this we obtain P, = 8 digits.
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RADIATING ELEMENTS OF AN ANTENNA ARRAY SECTION II

9. PRINTED CIRCUIT ANTENNA
9.1. The Function and Specific Features of Printed Circuit Antennas

Printed circuit antennas differ in their structural design from other types of
microwave antennas. Not only radiators, but also transmission lines, r~tching
elements, etc. can be made using the techniques of printed circuit technclogy.
More than other antennas, these meet the requirement of miniaturization, one of
the major requirements for aircraft equipment. This explains the increasingly
widespread use of printed circuit antennas. :

We shall note the major advantages of printed circuit antennas:
--Structural simplicity, small volume, weight and cost;
~-Convenience in combining antennas with printed circuit feed lines and devices;

--High fabrication precision, because of which good reproducibility of antenna
characteristics is achieved;

--The ability to design antenna structures for aircraft which protrude little or
not at all, in particular, structural designs which do not change their strength
characteristics.

The drawbacks to printed circuit antennas include poor electrical strength, the
difficulty of designing tunable devices and measuring the pavameters of printed
circuit components.

Printed circuit antennas are used in a frequency range of from 100 MHz to 30 GHz
at low and moderate power levels. At very low frequencies, the size and weight
of antennas which are comparable to the wavelength become quite considerable. At
higher frequencies, these antennas have no advantages as compared to others.
Printed circuit antennas are poorly directional and for this reason, they are
used primarily as constituents of antenna arrays.

9.2. The Major Types of Printed Circuit Antennas and Their Operational
Principles '

The major elements which form an antenna are the radiator (the antenna itself)

and the excitation device. Printed circuit antennas correspondingly differ in
the operational principle of the radiator and the manner of its excitation, as
well as in the type of transmission line, Moreover, the radiation characteristics
of the antennas and their structural parameters can also be distinctive
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attributes. Primarily the first group of attributes is treated in this chapter.
The radiation characteristics of the antennas are of the topic treated in this
chapter.

-Striplines are most frequently used as the transmission lines. As a rule, the
type of striplines governs the structural design of the other antenna elements.
In the low frequency portion of the band, the excitation is accomplished by means
of coaxial lines. It is also possible to use a waveguide transmission line.

Resonator type printed circuit radiators designed around asymmetrical striplines
(see Chapter 2) also find widescale application. Another more traditional type
( of printed circuit antenna is dipoles of various configurations and slots cut in
) the metal wall of a symmetrical type transmission striplire. Developmental modi-
fications of these antennas are stripline spirals and curvilinear radiators.

An example of a resonator printed circuit radiator is shown in Figure 9.1. This
radiator is used most often [1, 2]. It consists of a rectangular strip conductor
[1], placed on a thin dielectric layer (2) with a conducting substrate (3). The
radiator is excited by a strip transmission line. This system is a flat lossy
resonator filled with a dielectric for the transmission line, where the losses are
due to radiation. The edges of the resonator form two radiating slots ‘A and B,
which are spaced 1 apart, approximately equal to Ad/2, where 2Ag is the wave-
length in the dielectric. At the edges of the resonator, the components of the
field which are normal to the conducting substrate are out of phase. The field
components parallel to the conducting substrate add together in phase and form a
linearly polarized radiation field having a direction of maximum radiation along
to the normal to the plane of the substrate. The dimension b of the radiator
can differ.

To obtain a rotating polarization field, two pairs of radiating slots are needed
which are arranged perpendicular to each other and are excited with a phase shift
of 90° each. For this, a square radiator is chosen which is excited at two points
in the centor of adjacent sides of a strip conductor. The excitation is realized
most readily by a rectangular radiator with a single feed point, which is shown
in Figure 9.2. One side of the strip conductor of the radiator is greater than
Ad/2 by the amount A, while the other is smaller by the same amount, something
which provides for the 90° phase shift for each. The quantity A is chosen experi-
mentally. The radiator is excited by astripline. A possible excitation variant
for this radiator is a coaxial line perpendicular to the conducting substrate.

. The center conductor of the coax line is connected to the strip conductor of the
radiator.

Other types are discrete radiators in the form of printed circuit dipoles and
slots. The current in the strip conductor of the radiator serves as the radiation
source in this case. Slot antennas, excited by a stripline, are a direct analog
of slotted waveguide antennas. They are widely used as the radiating elements of
scanning antennas arrays, With the appropriate excitation, one can use such
radiators to design antenna systems which realize extremely arbitrary directional
characteristics. :
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Figure 9.1. A printed circuit resonator Figure 9.2. A printed circuit resonator
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Figure 9.3. Antenna excitation circuits.

One of the methods of exciting radiating elements is excitation using a system of
branched lines of the same electrical lemgth. (Figure 9.3). If the excitation is
realized using a line with a characteristic impedance pj, then with /N branches
having a characteristic impedance of pp (Figure 9.3), the relationship p; = Npp is
observed. With a large number of radiators, it is expedient to insert a trans-
former ahead of each branch (Figure 9.3b). Such an excitation techniques is
realized especially conveniently using striplines.

In another approach, the traveling wave excites the radiating elements which are
arranged along the transmission line. This technique is also realized quite well
using strip transmission lines. A drawback to it is the great dependence on
frequency. Other excitation methods are also possible, but they are used compara-
tively rarely.

Almost all of the elements of a feed line channel which are used for coaxial and
waveguide transmission lines, as well as the feeder channel as a whole can be
constructed in a printed circuit design. However, as a rule, only individual
printed circuit assemblies are used in a feeder chanmel. For printed circuit
antennas, coaxial or waveguide lines are most frequently used as the main feed
line. Because of this, it becomes necessary to have elements for joining strip-
lines to waveguide and coaxial lines. The major components of striplines,
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including coaxial tS"ﬁtii;LiEEwgnd waveguide to stripline junctions, as well as
stripline connectors and splitters, are described in [07, 014, 02].

.l
!

9.3. The Major Characteristics and Design of Printed Circuit Resonator Antennas.

We shall single out among antennas of this type the antenna which is shown in
Figure 9.1 as the basic antenna. The linearly polarized field is produced by the
radiation of two slots, which form the walls of the resonator, which represents a
half-wave section of an asymmetrical stripline. Antennas of this type are usually
employed as receiving antennas.

It is assumed in the antenna design that the dimension h(Figure 9.1) satisfies the
condition kh << 1, where k = 27/X, X\ is the working wavelength. It is also

assumed that the field distribution in the radiating slot corresponds to a T mode
field distribution in the cross-section of a regular stripline. In this way, the
influence of higher modes on the radiation of the slot is neglected.

These presuppositions make it possible to represent the radiating slot of a resona-
tor as a linear radiator, similar to a narrow slot in a conducting shield

Figure 9.4). Thus, the analysis of a resonator antenna reduces to the analysis of
ordingry slot antennas. The field in the radiating slot,of the antenna has the
form E = xoEg, lxl < h/2, This field determines the gagnetic current of an equiva-
lent linear radiator as Iy = z(2Eyg, |z| < b/2, where x(Q and z( are unit vectors of
the coordinate system of Figure 9.4.

The Antenna Directional Pattern. The field of a linear magnetic radiator is known

(for example, see 01). The electrical field of the radistor has components of

Eg and Eg in the spherical system of coordinates of Figure 9.4. The antenna polari-
- zation is determined by the projection of the Eg component on the normal to the

plane of the slots (the Y axis). Then for the indicated polarization, the direc-
- tional pattern (DN) of the antenna as a system of two equivalent linear radiators,

which are excited in phase, has the form:

F(0, ) = Sin_(nbA=1 cosg) g )
0, %) Ah-Teorg cosBcos(—=sin0). (9.1)

The first two factors in expression
(9.1) define the directional pattern
of an equivalent linear radiator for
the indicated polarization, while

the last term is the directivity
characteristic of a system of two
identical radiators, spaced a distance
1 from each other,

Figure 9.4. The coordinate system for the
radiating slot of a printed
circuit antenna.
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printed circuit resonator type

e Y 2 7 ==‘§]0 Figure 9.5. The equivalent circuit of a
antenna.
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Figure 9.6. Antenna slot conduct-- Figure 9.7. The cu.atity 1equiv/h as a func-
ance G as a function tion of the ratio of the dimen-
of the quantity b/A. sions b/h and the dielectric

permittivity € of a printed
circuit antenna.

‘The Antenna Input Admittance. The equivalent circuit of the antenna as a trans-

mission load is shown in Figure 9.5. The two radiating slots of the antenna,
having an input admittance of Y = G + jB are separated by a line section of length
1 with a low characteristic impedance of pp. The input admittance of the antenna
Yin is the result of combining the slot admittance at the antenna input (the
terminals 1-1') and of the slot which is transformed to the input through the line
section 7 so that:

(G‘}'jB)'*‘jYA‘gﬂi 9.2)

Y. ¢
Voo OB Yy T ot

in

where B 1is the line propagation constant; Yg = l-py.

The radiation conductance G is calculated by the method usually employed in '
slotted antenna theory. The conductance G is shown in Figure 9.6 as a function
of b/A. For b/A > 1, we have [2]:

1

G [Ohms; ] = b/120) (9.3)

The reactive component B of the slot admittance is due to its capacitance and is
computed from the formula:
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B [Oms 1] =

) Zequiv/60A (9.4)

where Zequiv is a quantity equivalent to the length of a stripline open at the end
having the same input admittance; A = A/Veeff where A is the wavelength in the
stripline; eqoff is the effective dielectric permittivity of the substrate, which is
determined in [014, p 62]. The curves for Zequiv/h for various values of € are
plotted in Figure 9.7 as a function of b/h.

i An antenna is tuned to resonance if its input admittance is a real quantity. The
, resonance condition follows from expression (9.2):

(gl - 202 BIG | B2 YR (9.5

Expression (9.5) defines the resonant length of a line section 7 having a low
characteristic impedance ps. In this case, the input admittance of the antenna is
Yin = 26. The quantity I computed in this fashion is somewhat less than half of
a wavelength in the stripline.

The design of an antenna consists in computing the dimensions of 1its resonator and
selecting a stripline to obtain the specified width of the main lobe of the
directional pattern (or directional gain) of the antenna. Additional requirements
are set which are related to the conditions for the placement and operation of the
antenna on board the vehicle. These requirements are important when selecting the
dimensions of the strip conductor and the dielectric substrate of the antenna which
are its major structural components. The design of an antenna is most eadily
accomplished by means of trial-and-error selection of its parameters.:

The selection of antenna dimensions consists in the following. Based on a speci-i
fied directivity characteristic, the dimension b 1is determined for the strip
conductor of the antenna (Figure 9.1). In this case, the dimension 7 is assumed
to be equal to 0.4) to 0.5A. The stripline conductor can have either a square or
a rectangular shape. The characteristic impedance p, of an asymmetrical stripline
depends on the value of b (Figure 9.5), where this impedance should not be too
low and usually amounts to 10 to 15 ohms. Then the h dimension of the antenna
is chosen, usually h < 0.1), as well as the material of the dielectric substrate
[014]. The dielectric permittivity of the substrate is most frequently chosen
equal to € = 2.25--2.5. In individual cases, a ceramic (e = 10) can be chosen as
the substrate.

The selected antenna parameters make it possible to calculate the characteristic
impedance p of a low impedance asymmetrical stripline as well as the input admit-
tance of the radiating slot of the antenna Y = G + jB using formulas (9.3) and
(9.4), taking into account the function shown in Figure 9.7. The propagation
constant B of a low impedance line is determined from [014]. The resonant length
of a low impedance stripline section I and the input admittance of thé antenna
Yi, are determined from formula (9.5). An asymmetrical stripline with a character-
istic impedance of pp = 50 ohms is usually chosen as the transmission line. A
matching element in the form of a quarter-wave transformer is used to match the
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Figure 9.9. Excitation configurations for a
printec circuit resonator type antenna
having a large value of the dimension b.

Key: 1. Printed circuit antenna.

antenna to the stripline. Matching is an extremely labor intensive operation.

It is accomplished by the trial and error design of the matching element and is
more successful, the closer the characteristic impedance of the antenna is to the
characteristic impedance of the line. Where there is a substantial difference in
these values, the antenna design procedure is repeated for its other parameters.

A linearly polarized antenna (Figure 9.1) with a sqare stripline cenductor
designed for a frequency of 9 GHz, has the following characteristics. The radi-
ating slot admittance of the antenna is Y = (0.922 + 3j7.45) - 103 ohms™ -1, The
resonant length of the antenna is 7 = 0.46) when pa = 15' ohms. The antenna is
matched to the stripline having a characteristic impedance of py = 50 ohms by
means of a quarter-wave transformer. In a passband of Af/fg = 2%, the SWR is less
than two. The measured gain is 7.6 dB with losses in the line of 0.3 dB. The
typical directional pattern of the antenna in the E and H planes is gshown in
Figure 9.8. :

The antenna is extremely narrow band. To improve the bandwidth performance it is
recommendad thatithe characteristic impedance pp of the low impedance stripline
be increased, a dielectric substrate with a greater value of € be selected to
reduce the resonator length, the inductance of the antenna be increased by means
of making holes or slotted cuts in the stripline conductor of the antenna, as well
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as that brosdband techniques for matching the antenna to the transmission line be
employed. All of this will make it possible to increase the passband of the
antenna Af/fg up to 50%.

“For an antenna with a rectangular strip conductor and dimensions of d > A, the
excitation system is built for the condition of equal electrical paths of the
branched transmission lines (see §9.2). Several points are excited in the strip
conductor in this case. Two excitation configurations are shown in Figure 9.9 for
an antenna with a dimension b'= 2)X for a line with a characteristic impedance
pg = 50 olms. The proposed technique is also applicable to the design of rota-
tionally polarized antenmnas.

9.4. Antenna Arrays with Resonator Elements

Antenna arrays with radiating resonator type elements are constructed in the form
of strings of radiators and sets of these strings. When designing a linear
antenna array, it is usually assumed that the radiators are arranged at equal
spacings d from each other and are excited in-phase or with a constant and small
phase difference. The analysis of such arrays is performed as an analysis of
in-phase arrays, with subsequent accounting for the inclination of the main lobe
of the directional pattern if this is necessary. Such excitatin presupposes a
single transmission line for a linear array. It is also possible to excite array
elements where the electrical length of the transmission lines are equal (see
§9.2).

Basic Relationships for a Linear Array. The directional pattern of a linear
system of identical radiators with in-phase excitation has the form (see
Chapter 2):

N . .
Fn = Y Ay expljr(n—1)dcos 0],

nei

(9.6)

where Ap is the amplitude of the n-th radiator; 6 is the angle read out from the
axis of the array; N is the number of radiators. It is assumed in this case
that the number of resonator type elements is N/2., If the spacing between the
radiators of the array is d = A/2, then the directional gain of the array is:

N 2 N .
D-:(E A)/}_, “oo 9.7

n=1} ne|

The greatest directivity of an array is achieved when all of the amplitudes are
equal: Ay, = A. Then the directional gain of the array is D = N, This is the
case of uniform excitation of a linear array and it is of the greatest practical
interest.

The directional pattern of a uniform array, using the principle of directional
pattern multiplication of [0l], can be written in the form:

F (O, ¢) = Fy (0, @) Fn (0), (9.8)
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where ¥1(6, ¢) is the directional pattern of a single radiator; Fy is the group
directional pattern of the arrazy. The directional pattern of a resonator type
element is described by expression (9.1). 1In the case of N/2 elements in the
array, the group directional pattern is:

Fu = sin (ND/4)/(N/2) sin @, (9.9)

where ¢ = (kd cos® - ¢g) is the phase shift between the fields produced by
adjacent elements; & is the phase difference in the excitation of the adjacent
elements. In the case of in-phase excitation of the elements of the array, ¢; = 0.

Ways of Exciting Array Elements. In the case of in-phase excitation of resonator
type elements, one speaks of resonant excitation of an array. In order to avoid
the appearance of secondary main lobes in the directional pattern, the spacing
between array elements (taking the directional pattern of an element into account)
(Figure 9.8) should not exceed A/2., Resonant excitation bf an array is character-
ized by the fact that the main radiation is directed along a normal to the plane
of the array. The major drawback to such excitation is the poor matching of the
array to the transmission line. For an array of four series connected resonator
elements, designed for a frequency of 9 GHz, the matching passband for a SWR'level
of no more than two amounts to 1.7 %. The resonant frequency, the iiput admittance
of the array, as follows from the schematic shown in Figure 9.10, is Yip = NG,
where Y = G + jB is the input admittance of the radiating slot of a resonator
element (see §9.3); N is the number of slots. An antenna array with the elements
excited "off of resonance" in a traveling wave mode is free of this deficiency.
With a large number of elements, the reflections from each of them "on the average"
cancel out, which provides for good matching of the antemna array. A drawback to
this excitation technique is the deviation of the direction of the main lobe from
‘a normal to the plane of the array, which changes with a change in frequency.
However, with a small phase difference for the excitation of adjacent elements
"close to resonance', this deviation is small.

of a linear in-phase array
using printed circuit
resonator type elements.

A ¥ Mt PRI Bara Figure 9.10. The equivalent circuit
¥ %

—— l

An example of an array excited in a traveling wave mode is shown in Figure 9.10.
One end of the array is connected to a coaxial feed line, while the other is
loaded into an absorbing load. The angle of inclination 6 of the main lobe of the
directional pattern to the antenna axis is computed from formula [3]:

cos 0 == [A — (¢ - 0,50))/1, (9.10)

where I and b are the dimensions of the array. It follows from formula
(9.10) that the inclination angle 6 changes with a change in frequency, where the
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main radiation is directed in a direction opposite to the direction of wave propa-
gation in the transmission line. It follows from the theory of periodic structures
that this is explained by the choice of the propagation constant 8 = k cos6 for
the spatial harmonic which is responsible for the primary radiation.

The characteristic features of antenna arrays with resonator type elements, when
they are excited in resonance and traveling wave modes are similar to the features
of slotted waveguide arrays which were treated in Chapter 5, with the same excita~-
tion modes.

The design of an antenna array consists ja selecting the number of elements in it
and designing the elements for a specified directivity, i.e., main lobe width of
the directional pattern or directional gain. A uniform in-phase array is taken as
the basis for the design calculations, for which expressions (9.7) - (9.9) apply.
The calculation of array gain is extremely approximate, since it is necessary to
take transmission losses into account, and the calculation of the gain can serve
only as a qualitative estimate of the selected antenna circuit. The design proce-
dure for a linear array is as follows.

: To the Load
Antenna : G s
Avmenyr & - -« } [-——-l————l
Al A
&xoq Hazgirang SRS ,
Input Load r]'—[ . ’*17‘;#‘!:"[*.1
C I [
ol N N DORTENS M
o , L“‘I“LW I
pop =] LILT LI LI 1 mone o e
Input ) _[To the T T
- lf .~ load Y/ N A
/ FPESOHTTIODHEIR S R | S
T ’ HHENENTIB) 2

LINITTE NG/ ( 1 )

Gxgd Input

Figure 9.11. A linear traveling wave array Figure 9.12. A printed circuit
with printed circuit resonator antenna in the form of
type elements. a composition of

linear traveling
wave arrays.

Key: 1. Resonabor antenna elements.

The number of resonator type array elements, N/2, is chosen for a specified direc-
- tivity. This number is taken equal to the directional gain of the array. Then

the radiating element is designed using the procedure given in §9.3. The spacing

between the array elements d 1is chosen equal to the dimension I, which is the
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resonant dimension of an element. The dimension b of a radiating element is
chosen equal to either 1 or A for a rectangular stripline conductor. In the case
of a large value of b, the excitation of an element is complicated and takes on
the form shown in Figure 9.9. With in-phase excitation of the antenna array, the
directional pattern is computed using formulas (9.8) and (9.9) for ¢; = O.

When an array is excited in a traveling wave mode, the angle of inclination of the
main lobe of the directional pattern is calculated using formula (9.10). This
makes it possible to determine the phase shift, ¢, and to employ formulas (9.8)
and (9.9) to calculate the directional pattern as well as the directional gain of
the antenna array. The gain of the array is determined by the value of the effici-
i ency, which under conditions of weak coupling of the radiators to the transmission
line may be less than 50 percent. The radiation losses in a line loaded with an
antenna array are taken at a level of 10 dB, which makes the results of analyzing
traveling wave antnnas reliable and makes it possible to obtain the optimal gain.

The coupling of the radiators of a yagi antenna to a transmission line is governed
by the h dimension (Figure 9.11) and the characteristic impedance of the line

p. The smaller h 1is, the smaller the attenuation constant o for the traveling
wave in the line. It is assumed in this case that the propagation constant 8
does not change over the length of the line. The longer the antenna array, the
smaller the height h. For an antenna structure with a length of 20A, the height
h Treaches 0.025). '

If the yagi antenna designed in this manner does not have the requisite directivity,
then its design calculations are repeated for a different number of radiating
elements. A traveling wave array, designed for a frequency of 635 MHz, has dimen-
sions of: 7 = 0.4\, b= A and h = 0.075\ [3]. A set of strips is used to improve
‘the directivity. An example of an antenna of four strips is shown in Figure 9.12.

9.5. Printed Circuit Dipole Antennas

Dipole antennas and modifications of them are some of the most used radiators in
antenna engineering. They are used particularly as the radiating elements of '
large antenna arrays. This explains the ever greater use of printed circuit dipole
antennas. A stripline dipole takes the form of a strip conductor on a thin di-
electric layer (Figure 9.13). When used as a part of an antenna array, a printed
circuit dipole is usually positioned above a flat conducting shield.

The design calculations for a printed circuit dipole can be performed as the
calculations of a strip dipole, with the subsequent accounting for the impact of
the thin dielectric layer. In turn, a correspondence can be established between
the strip'dipole and ¢ dipole with a circular cross-section (a wire dipole), which
has the same directional pattern and input impedance. In this case, the cross-
sectional dimension of the wire dipole is half as great (Figure 9.13). Such a
comparison is experimentally confirmed given the condition that the length of the
strip dipole 2L is substantially greater than its cross-sectional size 2d where

2d << A. In this case, to calculate the characteristics of a strip dipole, one
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an use the results of numerical and experimental studies of fine wire antennas.
The influence of a dielectric layer consists in changing the length of a strip
dipole, in particular, in shortening the resonanti length of the dipole.

The Current Distribution and Overall Input Impedance of a Strip Dipole. . The

surface current, ¥ (v, 4 = Xo¥ (X, ¥), , induced in a narrow strip codductor of
a dipole where -d <y <d and -L < x < L, can be characterized by the quantity:
o S
I(x)=— S ¥ (x.4)dy, (9.11)
=d

which is used in calculating the total input impedance of a strip dipole. The
surface current 3 (x, ¥) has a singularity at the corner edges of the strip
conductor, which is of a local nature and constant over its length. Taking this
singularity and expression (9.11) into account, the current 9 (x, y) has the

representation:
# (5 g) = ’(x)/l/d‘—J . (9.12)
' Equivalent
Printed Circuit Dipole Wire Dipole |

Sleyamnri /‘yd'paﬂ/op W Banermn bl
-\ npabonoyvrert Sudpamog

Figure 9.13. A comparison of a printed circuit dipole with a
wire one.

Taken as the current I(x) in this expression is the current of an equivalent wire
dipole (Figure 9.13).

The results of a numerical investigation show that the current distribution over
the length of the dipole approaches a sine distribution, as is adopted in approx-
imate dipole theory [01], only for a dipole length of 2L < 0.5A. Examples of the
current distribution for other values of L are given in [01] Resonant length
dipoles find the most widescale practical applications:

The resistive and reactive components of the input impedance, Zjn = Rin + JXin, of
a strip dipole are shown as a function of its length L for various values of d
in Figure 9.14, The value of the input impedance of a strip dipole differs from
the input impedance of the infinitely fine wire dipole which is treated in
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approximate dipole antenna theory. We will also note that the resonant length of
a strip dipole is close to 0.23A, and practically does not change with a change in
the d dimension of a narrow strip.

R ohms X, Ort hms
700:65’0” S’ Muﬂx" Xin, ’ mn’ Q073
: a=G073 _ ’
800 |- 200
= G332
6901~ 4
4900 \- q054 200
200\- ~400
4 -600
0 g2 o4 L/

7 (a) o (b)Y

Figure 9.14. The input impedance of a strip dipole as a function
of the arm length L/)A and the dimension d.

V4 &e~4 16t
14
At 7'2
101 | 1 1 1 70
0 92 94 t/24 Vi q2 g4 K2
Figure 9.15. The retardation of the Figure 9.16. The retardation y of a
surface wave as a function surface wave as a function
of the dielectric layer of the height h/A of a di-
thickness. electric layer of thickness
t above the surface of a

shield.

The directional pattern of a strip dipole where L/d > 5 is taken to be the same as
for an infinitely fine wire dipole. The dipole directional pattern is shown in
[01]. However, when L/d < 5, instead of nulls, minima at a level of approximately
12 dB appear. Such "swelling" of the directional pattern nulls is undesirable
when a dipole 1s used as an element in an antenna array, primarily because of the
increase in the coupling between elements, the appearance of cross-polarization

of the radiation and the reduction in the gain. The design method described here
for a strip dipole is applicable to a conductor with a dimension of 2d < 0.1A.
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Figure 9.17. Excitation configurations for a printed circuit dipole
using a balanced (a), balanced three-plate (b) and a
two~wire (c¢) stripline.

Key: 1. Dielectric substrate;
2, Conductors;
3. Dielectrics;
4. Balancing element.

The Influence of the Dielectric Layer. The dielectric layer of a printed circuit
dipole is chosen to be extremely thin t < 0.1), since it is ohly a structural
component with low losses. For this reason, as a rule, it does not influence the
directional pattern of a dipole and is considered primarily when calculatiag its

, resonant length. The shortening of a dipole depends on the retardation of the
electrical wave propagating in the planar dielectric layer with a thickness t.
When t + 0, these waves degenerate into a free space T-typeée mode.

The retardation y = c/uy of a lower mode is shown in Figure 9.15 as a function of
the layer thickness t [4]. The retardation y of the indicated mode is shown in
Figure 9.16 as the function of the thickness t of a dielectric layer positioned

“ above a conducting shield at a distance of h from the shield where the dielec--
tric permittivity of the layer is € = 4 [4]. The resonant length of the dipole
is taken equal to Lreg = 0.23X\/¥.

Excitation of a Printed Circuit Dipole. The transmission line can be tied into

a printed circuit dipole both perpendicularly to the strip conductor of the
dipole, and in the plane of the conductor. In the first case, a coax line with a
balancing device is usually employed, just as in the case of a wire dipole. 1In
the second, excitation by means of balanced stripline finds the widest applica-
tions (Figure 9.17a, b). Sometimes the excitation is accomplished by means of

a two conductor stripline (Figure 9.17c¢). As a rule, striplines connected to the
input of a dipole by means of transition couplers [07, 014] are connected to
other types of transmission lines (stripline and coaxial transmission lines, as
well as waveguides), which are more convenient in structural terms and have
better characteristics.
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9.6, Antenna Arrays with Printed Circuit Dipole Elements

Printed circuit dipole radiators are successfully used as phased array elements
both for transmission and reception. The basic mode for the study of large planar
arrays is an infinite array, the radiating elements of which are excited by a

| current having the same amplitude and a linearly changing phase. Such a model can
yield satisfactory results for a dipole array over a plane shield where the number
of dipole elemeénts is just 10 x 10. The analysis of a dipole antenna array con-
sists in analyzing the input impedances as a function of the scan angle. Knowing
these impedances, the influence of the latter on mismatching in the feed system
of the antenna array can be minimized.

Printed circuit dipoles in a periodic antenna array are placed at its nodes,
usually above a conducting shield. Printed circuit dipoles incorporated in an
antenna array can be combined in quadrupole elements (quadrupoles), as shown in
Figure 9.18. By changing the interconnection of the dipoles in a quadrupole, one
can substantially change the characteristics of the antenna array. Printed cir-
cuit dipoles are usually assumed to be resonant and have a size of 2d << A, Under
these conditions, the analysis of an array with dipole elements can be carried
out based on the existing literature {03, Vol 2; 6]. For dipoles of arbitrary
length, a study of dipole arrays using integral equations is given in [71.

SN The Total Input Impedance of a Dipole Element
X of an Array Positioned Above a Shield. A
— printed circuit dipole as an element in an
infinite array, depending on the numbers m, n,
V4 A A has an exciting voltage at the input which
’ B varies in accordance with the following law.

2L
|
|
2
|
!
|
'

U Ui, (0,12

- JL . B N

where P~ K sin 0 cos ¢; & = K sin 0 sin ¢, & - 2x/A; :

Figure 9.18. Quadrupole dx and dy are the periods of the array.
elcments of
an.antenna Since an array is a periodic structure, the
array. surface current induced with such excitation in

. the strip conductors of the dipoles, can be
= represented by a Fourier series expansion:

TR R =B ® eIy
= E E ?/vﬁu:e B * o= 1% '

Mm==—oo = —.00

(9.14)

where B, - B -I- 2amldy, o0, o -1 270ld, ; 1 is the rumber of the dipole which
combines the subscripts m' and n'. The coefficients 4{) can be calculated if

the current distribution in the dipole is specified. This distribution is
known for a resonant length dipole. Taking (9.12) into account, the surface
current of the i-th dipole is defined as:
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0] .
g _to_ cos ZE _ (9.15)
Vd—p 2L
where I( D is the current at the input to the i-th dipole. Then the Fourier

coefficients in expansion (9.14) have the form:

1 g1, 4 o
5:2; 22— dod Jo(ay )%. (9.16)
"

where Jg is a zero order Bessel function.

The input impedance of a dipole is defined as the ratio of twice the complex
pover P at the surface of the array within the bounds of its elementary cell to
the square of the absolute value of the current at the dipole input:

. op . (2,"),‘ ic —
Lo - 2py —
11, Po dydy, m-:z--m,,_z_‘m(}m" }'mn) X

A Bu/ey 9.17)

X Ymn /K [1-—exp(—jYmn 2m)1,

where y2 + 32 + a = k%; po = 1207 ohms; h 1s the spacing from the array to the
shield.

The series (9.17) converges, and when calculating the value of Z, one can limit
oneself to a finite number of terms in the series. Knowing the input impedance
of the dipole, it is not difficult to calculate the reflection factor in the
transmission line which couples the dipole to the generator. It depends on the
scan angle and is determined from the formula:

(0, ¢) - lt-.,.~ Z(O «p)llln... I 7(0 ol o (9.18)

where Po is the characteristic impedance of the feed line.
Formulas (9.17) and (9.18) are easily subjected to numerical study.

When studying the influence of the input impedance of a dipole on the reflection
factor, which determines the conditions in the transmission line, a distinction
must be drawn between the behavior of the resistive R and the reactive X
components of the impedance. As studies of dipole arrays shown, these components
are different functions of the scan angle. For this reason, the convergence of
series (9.17) when calculating the quantities R and X requires separate
treatment. When additiorial main lobes are absent in the directionalipattern of
an array, one can limit ineself to one term of the series (9.17), which corres-
ponds to the number m = 0 and n = 0, to calculate the resistive component R.

The calculation of the reactive component X requires taking a large number of
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terms of this series into account [03, Vol. 2]. The detailed analysis of the
quantities R and X depends on the specific dimensions of the antenna array.
However, there is no need in many cases to know the true value of the total input
impedance Z, since the array elements are matched for a certain scan angle,
usually normal to the plane of the array. In this case, it is of interest to
change the input impedance when changing the scan angle, which reduces the volume
of computational work.

The Total Input Impedance of a Quadrupole Element of an Array. A system of two
coupled dipoles, which form a quadrupole element of an array (Figure 9.18), is
excited by the voltage Ug of a generator which is connected to its center point.
Depending on the number m, n of the quadrupole element, the exciting voltage
varies in accordance with (9.13). By representing the surface current induced in
the strip conductors of the dipoles with expansion (9.14), where 1 =1, 2, we
obtain the 2xpansion factors for the current in the following form on analogy with

(9.16):
S 2L ) cos .(5;1»)
AL) . [} . d) ———,
mn 2 d:dy ,o(an ) I—(?Bmla/“)’
g aL _cos(Bml)
=25, 0O DT Ly S

Taking (9.19) into account, the internal and mutual impedances of the dipoles
comprising the quadrupole, Zyy, where u, v = 1,2, are determined by expression

{5]: .
ded, : o ng (u)*
Z ew e duxdy ;
) 21‘(;:)’ I'('O) Po 00 "z=2—w Fm X
43 —x3
ST B ALY 420
#¥mn

where pg = 1207

Because of the identical nature of the dipoles, we write 211 = 222. The series
(9.20) converges, and when calculating the quantity Z,y, one can 1imit oneself to
a finite number of terms in the series.

The input impedance of a quadrupole, Z = R + jX, as a generator load, is composed
of the input impedances of the dipoles under conditions of their mutual coupling,
transformed to the point where the generator is connected. Then, taking (9.20)
into account, we have [5]:
. o,
I+
—2jZu pacos Yl sinyl)tZp + Zyy - 22y (sin® v/ —cos® v!) -+
+2jpa* (Z1nZy—Zi1 —pR) cos yl sin yl), (9.21)

= (Z12 Zu—Zi\) cos* yl —p} sin? y/—
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where p,, y and 1 are the characteristic impedance, propagation constant and
length of the transmission line segment respectively (Figure 9,18).

Knowing the input impedance of a quadrupole, Z, we calculate the reflection factor
r(8, ¢) from formula (9.18), where this factor determines the conditions in the
quadrupole transmission line as a function of the scan angle. The remarks made
for a dipole element of an array also apply to the calculation of the quantities
Zyy and Z,

The design calculations for a printed circuit dipole array are carried out using
the procedure indicated in Chapter 2. The design of a dipole and a quadrupole
as elements of an array with a selected cell size for the array, consists in
choosing prined circuit dipoles at the resonant length (see §9.6) and the quadru-
pole dimensions, with the subsequent caloulation of the input impedances using
formulas (9.17) and (9.21) respectivély, as well as the reflection factor T in
the transmission line using formula (9.18). The array gain can be determined
based on T' (see Chapter 2). If the gain is less than the requisite value, the
design calculations are performed for other array dimensions.

The study of dipole arrays has shown that the size of an array cell is one of the
major parameters governing the input impedance of a dipole. Cell dimensions should
be chosen somewhat less than follows from the condition for the lack of additional
main lobes in the directional pattern. This makes it possible to match the input
impedances of the dipoles in the array in a wider scan sector. Moreover, an
important parameter is the spacing of the array dipoles, h, from the shield. It
has been determined that one can select a value of h such that the dipole mis-
matching in the scan sector is the same in the E and H planes. In this case,
the maximum value of the SWR in the transmission line is minimized and the best
matching results are obtained within the scanning sector. The initial value is

h = 0.25\A. As a result of matching, one can obtain a SWR of no more than two in
a scan sector of 45°,

9.7. Other Printed Circuit Radiating Systems.

Also to be singled out among printed circuit antennas are planar spirals (detailed
data on them are given in [03, Vol. 2], as well as other types of antennas, the
major difference in which is the manner of excitation. We shall consider a few of
them.

Dipoles Systems With In-Phase Excitation. Dipole arrays with in-phase excitation
find practical applications. The connection of the dipoles in a quadrupole (see
§9.7) makes it possible to produce in-phase apertures, the effective area of which
is practically the same as the geometric area of the aperture. For this reason, in
composing apertures of different areas, the width of the antenna beam directed
along the normal to its. surface can change. An example of a quadrupole composed

of triangular dipoles is shown in Figure 9.19. Another method of in-phase excita-
tion of dipoles is their series connection to the transmission line, similar to
the excitation of a system of resonator type radiators (see §9.4). Series excita-
tion is extremely narrow band.
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Dipole Systems with Resonance Excitation. Series excitation of dipole systems can
also be accomplished by the method realized in a Franklin antenna [02]. 1In this
case, each dipole of the antemnna system excites the next dipole so that' an in-
-phase radiating system is formed. An example of the structural design of such
an antenna with five dipole elements which are capacitively coupled is shown in
Figure 9.40. Planar arrays are put together using the same principle. Radiating
systems with resonant exciation are narrow band systems. The direction of the
radiation depends on the frequency.

Traveling Wave Radiating Systems. The principles employed in the design of
antennas for the long wave band are used in printed circuit radiating systems
made in the form of traveling wave antennas [Yagi antennas]. An example of such
an antenna (a "sandwich" type) is shown in Figure 9.21. The rddiating structure
takes the form of zig-zag strip conductor (wave shaped), through which the
traveling current wave propagates. The conductor is placed above the conducting
shield, which can be replaced by a resonator. The main radiation direction 84 is

computed from the formula: -

sin 0 — "/:'/:' .

where L 1s the length of the conductor from point A to point B; d 1is the
period of the structure. For L/A = 1, the angle 6 = 0, and we obtain a transverse
radiation antenna. If L/A = 2, then the angle 69 = 90°, i.e., the antenna radi-
ates longitudinally.

Slotted Antennas, Fxcited by a Strip Transmission Line, are used in the same band
of frequencies as slotted waveguide antennas. In contrast to the latter, slotted
antennas have the advantage that the transmission has practically no dispersion.

For this reason, the frequency dependence of the characteristics of these slotted
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, antennas is less than for slotted waveguide antennas. Drawbacks to the slot an-
. tennas are the increased requirements placed on the transmission stripline for

antennas of great length and the necessity of experimentally working out its
dimensions.

esonators (1)
ALy N Y?.YOHﬂlﬂllp ol /4 KOLOMNOITMEINTHOUUE

2 wmypme!

6D Newmasnsie npobodnuru Yewmoanenslii noobodwuw 9
(2) gusnenmpuvecan nodnoxna moncenobod muwer ()
Figure 9.21, A sandwich type traveling wave Figure 9.22. A slot antenna in a
antenna array. symmetrical stripline.
Key: 1. Strip conductors; Key: 1. Short circuiting pins;
2. Dielectric substrate. ' 2. Center conductor of

the stripline.

Slot radiators for an antenna are cut in the outer conductor of a balanced stripline.
The presence of the slot causes higher modes to appear in the stripline, where a
combination of pins is used to suppress these modes (Figure 9.22). The slot length
is computed from the formula 7 = 0.5A/(e + 1) [08] and is made more precise

S &eny
- Si Slots *
Slots
s Yepy )
: 90 Or ~ Uenmbansne;
7790 Ohms - 00w
30 Orr n V277
. i .80 0rr <
2 HEHmBa b X6/
2'50”, /)/70.5‘00’#5# Y ) .
o (a) 4 (b)
- Figure 9.23. Excitation configurations for a multislot antenna using
a three-plate symmetrical stripline.
Key: 1. Center conductor of the stripline.
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experimentally. The coupling of the slot to the transmission stripiine is adjusted
by shifting the slot relative to the center conductor of the line.

TWo excitation circuits, which are shown in Figure 9.23, are used for comparatively
small slot arrays. The circuit which realizes series excitation of the slot is
shown in Figure 9.23a. The dimensions indicated in the schematic were worked out
experimentally. The circuit which provides for excitation of the slots with
identical electrical paths is shown in Figure 9.23b. In long arrays, the slots are
excited by traveling waves in the feed line. It is also possible to have slot
excitation in a standing wave mode. The directional characteristics of slot arrays
are determined just as for slotted waveguide antennas (see Chapter 5).

A slot antenna excited by a stripline is convenient for frequency scanning. To
_increase the phase difference between adjacent slots with a change in frequency,
one can place devices in the stripline which increase its electrical length, in
particular, employ a zigzag center conductor for the stripline. The electrical
length between the slots can amount to several wavelengths. Thus, one can obtain
wide angle scanning. A scanning angle of up to 60° has been obtained in the 3-—cm
band when the frequency is changed by 5%.
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10. YAGI RADIATORS FOR PLANAR PHASED ANTENNA ARRAYS
10.1. Phased Arrays of Yagi Radiators

A design procedure is given in this chapter for antenna arrays of radiators in
the form of director antennas, or as they are still called, '"wave channel"
antennas [yagi antennas] [05] (Figure 10.1). The technique is realized in the
form of a computer program which makes it possible to calculate the main charac-
teristics and optimal geometric dimensions of the array radiators.

The set of the directors of the antenna array radiators form an interacting
structure, which can be treated as a layer of an artificial dielectric, covering
the array [08]. By varying the parameters of this dielectric, one can improve
the matching of the array radiators to the exciting feedlines in a specified

scan sector, which is an important merit of yagi radiators [2]. Such antenna
arrays can be used in the traditional meter and decimeter bands for yagl antennas.
The development of stripline technology has made it possible to use yagi radia-
tors in the centimeter band.

~
k0 O

NAUNANNCRRN NN NN W

Figure 10.1. Schematic of a yagi Figure 10.2. The geometry of a phased
radiator. yagi array.

During antenna array beam scanning, because of the interaction of the radiators,
_ there is a change in the input impedances which leads to their mismatching.
Therefore, when designing antenna arrays, it is necessary to assure those geo-
metric dimensions of the radiators, shape and dimensions of a cell in the

array [03]. and parameters of the radiator input circuit for which the best
matching of the radiators of the array to the exciting feedlines is provided in
the specified scan sector in the working band of frequencies. Since mismatching
during scanning is due to the interaction of the radiators, which occurs only

in arrays, the design of a yagi radiator should be based on the analysis of its
characteristics as a part of an array of identical elements.

10.2. Analysis of the Electromagnetic Field of a Phased Antenna Array of Yagi
Radiators

The properties of an antenna array of yagi radiators (Figure 10.2) can be des-
cribed most completely by means of solving the electrodynamic boundary problem

for Maxwell's equations in the case of boundary conditions-for the tangential
components of the field vectors at the separation boundary of the different media.
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In the case of phased arrays with large dimensions (more than 10 x 10 radiators),
the mismatching of the majority of its radiators, located in the central region
of the array, can be studied using a simpler model in the form of an infinite
antenna array with a uniform amplitude distribution [o8].

- An infinite planar array is a periodic structure, the study of the electromagnetic
field of which can be reduced to the solution of the electrodynamic boundary
problem in one eell of the structure {08]. This boundary problem is solved based
on the formulation of an integral equation for the currents in the dipoles of a
yagi radiator and solving it by the method of moments [2]. As a result, the
following expressions are derived for the directional pattern of a radiator in
the array when the dipoles are oriented along the y axis (Figure 10.2):

K M .
Fo (0, p)=cos ¢/ (y, v) 2 E b (Vs &) gmn (v, @) En (B) sin Qhy;
' k

=0 mm0

K M
Fo (0' ‘P) = COS 0 Siﬂ (PI (Y- “) E >_1, bmh\(v! u) gmh Eh ({)) Sin 0"’1!
k=0 me=1 (10.1)

M

bmh’“xmh/lafmxmn are the expansion coefficients for the current
n.=

where
distribution in the k-th dipole of a yagi radiator for the sinusoidal harmonics
of the current: . : —

WP ()~ sin [ 22 (B—y)], =12 M

In 2 .
(1 is the length and hy is the mounting height of the k-th dipole) (Figure 10.1).
The quantities x,; are determined from the solution of a system of linear

algebraic equations: KM o
N X Tt ke , ) == I, O,
14'2:‘:0:"":]:[ m’h m’ k' mh (Y ) m Yho (10.2)

where Zp i1y are the mutual impedances for the m'-th current harmonic in the
k'-th dipole and the m~th current harmonic in the k-th dipole of a radiator when
the entire array is excited. Expressions for the mutual impedances are given
- in [2]: - - o e
/ RA{(——lﬂm—'VZ. m uescrioe, ©9d
" 0 , m ucTHoe, even

where i1 is Kronecker's delta: &y = 1, Syk' = 0 when k # k'; I(y, u) is the
current in the gap of the active dipole;

y-fmﬂn0«mm;u=:xﬂn0ﬂnw;ﬂ=ynmm0. (10.3)

The directional pattern of a radiator in an array is influenced by the parameters
of the equivalent circuit of its input circuit (Figure 10.3). In this circuit,
the characteristic impedance of the transmission feedline p, the transformation
ratio of the ideal transformer n and the reactive component jX are the equivalent
parameters of its input four-pole network;

K M M '
Zyx (Y! ”)""':‘Z E E bm'h'b/;lozm'h',mo(v, u) (10.4)

= k=0m=1m" =1
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is the input impedance of the active dipole, taking into account the influence of
the directors and the adjacent radiators (when the entire array 1s excited with
a uniform amplitude and a linear phase distribution).

This impedance (in contrast to the input impedance of an individually excited
radiator) is frequently called the effective input impedance. It follows from
the equivalent circuit that theﬂ@iggle“gpggggg is:

e dipe _
(v, ) %Vﬁmﬁgﬂ@+LL (10.5)

where 2t = np - jX.
It is usually necessary in practice to
turn to the experimental alignment of

the input circuit for good matching of

& the radiators, for example, using a wave-
guide model of the phased array [08],
Tin which corresponds to matching of the
Figure 10.3. The equivalent circuit of phased array for radiation in a certain
a yagi radiator. direction 65, ¢g. It is not difficult

to determine from the equivalent circuit
that for the condition of matching, the equivalent parameters of the input four-
pole network are defined by the e'.pressions:

n-=V'Re Zyx (Yoo o)l py X = —1mZy¢ (yo, ), (10.6)

where - xsin 0, cos g, t1p = K sin O, sin .

For this reason, when calculating the characteristics of phased arrays, it is
expedient to assume that the equivalent parameters of the input circuit corres-
pond to (10.6), and when designing the circuit, it is necessary to provide for
the selection of its equivalent parameters in accordance with the calculated

or measured value of the effective input impedance Zin(yo, ug) .

Based on the effective input impedance of a radiatbr, one can determine the
effective reflection factor from the radiator input. We have from the equivalent
circuit and formulas (10.6):

"~ Zax (v, 0) —Zpx ('\'n-u:l)A 4. (10 .7
“ax (Vo ) 250 (Yo, o)

noo
(2px = Zin]
Information on a program written in the algorithmic Fortran language which
realizes the calculation of the indicated characteristics of a yagi radiator in
an array using the BESM-6 computer is given in [1].

10.3. The Characteristics of a Yagi Radiator in a Planar Phased Antenna Array

It is essential to know the number of the current harmonics in the dipoles, M,
and the number of spatial Floquet harmonics [08], which must be taken into
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account when calculating the mutual impedances in (10.2) to obtain satisfactory
precision in practice in calculations of the characteristics of a radiator in

an array. Computations show that for a dipole lemgth of 0.2 to 0.7 A, to assure
a precision of 0.5 to 1% it is sufficient to retain three to five harmonics
when calcilating the E-plane directional pattern and one to three harmonics

when calculating the H-plane directional pattern. In this case, the requisite
number of Floquet spatial harmonics amounts 60--100 [2]. A slightly greater
error, running up to a few percent, will be observed in this case in a narrow
region of sharp resonance changes in the directional pattern. To illustrate the
convergence of the solution, the directional patterns of a yagi radiator in an
array are shown in Figure 10.4a in the E-plane where the different numbers of
current harmonics considered are M = 1, 3, 5.

F 8,/ 2 ondy 4, /27 F(8,0)Vonds 6,3

10 E£- nnacwocms 10. H-nRoCKOCMY 11 ane

. w7,
48 E plane 498 ﬁﬁijJJI

46| 3 46\ 1~002
44} g4}
a2 42} 434
0 1 ol ! h Vi 1} L ul - B
20 40 60 80¢6° 20 408, 60 806
@ (a)‘ 9 ()

Figure 10.4. The directional pattern of a yagi radiator in an array
with a rectangular grid.
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Figure 10.5. The directional pattern of a yagi radiator in an array

with a triangular grid.

An important feature of a yagi radiator is the possible presence of sharp reso-
nance "dips" of a finite depth in its directional pattern in the H-plane (and in
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other close planes where |¢l < 30--45°) (Figure 10.4b). In particular, in an
array with a rectangular grid, a dip occurs in the H-plane in directions close to
the angle 6, 6_; = arcsin(k/d?i - 1) on the part of the smaller values. The angle
o, 1s frequently called the "grazing'" diffraction lobe occurrence angle. In

the general case, the directions of the dips are also close to the directions

of the "grazing" diffraction lobes, which are determined from the equation:

. ﬁ 3 .
(smOcosq)-i— di p) -{«(smOsm Q- %—q—% pctg 6)2== , (10.8)
x .Y x

where p, q = 0, + 1 are the numbers of the diffraction lobes (pz + q2 # 0). The
dip in the directional pattern of a yagi radiator is due to the retarding pro-
perties of the aggregate of array directors where the dipole length is less than
resonant (about A/2) [3]. If the retarding interacting director structure is
treated as a layer of an artificial dielectric [07], then as follows from a
comparison with an array covered with a dielectric plate [08, 09], the existence
of a dip is to be anticipated if the retardation of the yagi structure is
sufficiently great. The greater this retardation and the coating thickness,

the closer the dip should be shifted to the transverse direction to the array.
This shift actually occurs when the retardation increases in a director structure,
in particular, with a reduction in the spacing between the directors and with

an increase in their length (but no greater than the resonance length) [3], and
amounts to a few degrees (Figure 10.4b).

amdzdy /2t FHindydy /2t
10 10
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Figure 10.6. The directional pattern of an optimized yagi radiator
in an array.

a. Rectangular grid:

b. Triangular grid:

Since the analogy with the case of an array covered with a dielectric layer is
not complete, there can also be no dip in the directional pattern of a yagi
radiator at certain values of the radiator parameters (for K = 1 in Figure 10.4b).
In this case, there is a sharp rolloff in the directional pattern at angles o

6 >6_31. .

Since with an increase in the wavelength, the direction of a dip moves away from
the transverse direction to the array, then the array step in the H-plane, dy,
is to be chosen from the condition for single beam scanning at the upper working
frequency in an angular sector which exceeds the specified scan sector by the
width of the dip region in the directional pattern of a radiator in the array.
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By virtue of the fact that dipoles do not radiate along their own axis, & dip

does not occur in the directional pattern of a radiator, as a rule, in the E-
plane and in planes close to it (|¢| = n/2) (Figure 10.4a). Since the directional
pattern of a yagi radiator in the E-plane is of a smooth monotonic nature and
takes on small values at angles of 8 close to 90°, then the spacing between
radiators in the E-plane, d,, can be chosen somewhat greater than the value

which follows from the cond%tion for single beam scanning. The step dy is

chosen depending on the permissible decrease in the gain at the edge of the

scan sector and the permissible diffraction lobe level at the highest frequency.

Arrays with a triangular grid and the dipoles oriented along one of the sides

of a triangular cell are an exception. In this case, a dip also occurs in the
E-plane (Figure 10.5). For this reascm, the use of such a grid is not expedient
in a number of cases. A grid with an orthegonal orientation of the dipoles is
preferable, in which there is no dip in the E-plane (Figure 10.6b).

However, it must be remembered that all of the directional patterns cited here
belong to an infinite array.

The finite dimensions of an actual antenna array has an impact first of all on
the directional pattern of a radiator in the region of the dip. The finite
nature of a phased array is not felt if the dimensions of an array are so great
that the beam width does not exceed the region of the dip. With a decrease in
array dimensions, the depth of the dip will fall off, while its width will
increase in proportion to the beam width of the array. With a further reduction
in antenna dimensions, the dip completely disappears. In this case, a model in
the form of an infinite array can be considered justified only for directions
falling outside the region of the dip in an infinite antenmna array.

31J.4. The Optimization of a Yagi Radiator in an Array

We shall now consider questions of designing the geometry of a yagli radiator:

the choice of the number of directors, the length, the mounting height, etc.

The existence of a program for calculating radiator characteristics on a computer
makes it possible to automate this portion of the design work to a certain
extent. The mathematical tools for this are numerical optimization techniques
[4]. Where these techniques are used, by working from the requirements placed
on the antenna array characteristics, a so-called quality indicator is put
together, which depends on the radiator parameters. Numerical optimization
algorithms provide for searching out the optimal values of the parameters which
attain the extremal value of the quality indicator.

The average array gain in the scanning sector can frequently be chosen as the

quality indicator for the phased array, which by virtue of (2.13), is propor-
tional to the quantity: : :

fo= s j F (0, ¢) [*sin 0d0de,
“chag (10.9)

where Qcg is the scan sector.
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The optimization of a yagi radiator based on this quality indicator is carried
out in accordance with the program of [1]. Computation of the double integral
of (10.9) in the program is replaced by summing using Gauss' formula (n = 4)

for the inmer integral with respect to B and using the rectangle formula for the
outside integral with respect to ¢. Since the range of variation in the radiator
parameters is limited: the spacing between the dipoles is always greater than
their width, the length of the dipoles is always positive, etc., it is necessary
to employ optimization techniques with limitations {4]. Since the quality
indicator (10.9) is always positive, one can employ the following variant of
the external penalty function technique: set f = 0 outside the range of permis-
sible values of the parameters. To find the extremum of the resulting function
f, defined in an unlimited range of values of the arguments, the method of local
variations is employed in the program [4].

The major parameters which characterize the properties of the yagi structure
(Figure 10.1) are taken as the parameters to be optimized in the program. These
are the mounting height for the layer of directors hj, the spacing between the
dipoles Ah = by - hy (k =1, 2, ... K - 1) which is assumed to be constant,
the length of the first director ; and the shortening of the directors A =
1~ kk=1,2, ... K-~ 1), which is also taken to be constant. As a
result of this, the number of variables is curtailed so much that it is now
possible to optimize a radiator in a comparatively small amount of machine time.
In this case, the following approach to the design of a yagi radiator can be
proposed. The optimization with respect to the selected main parameters is
carried out in a first approximation (M = 1) in the first stage. Then, treating
the resulting geometry of a radiator as the starting point, a more precise
selection of these parameters is made for M = 3...5. In the third stage, the
radiator can be optimized with respect to the remaining parameters, for example,
one can choose the best 83, ¢g matching direction. Such an approach to the
solution makes it possible to choose parameters for a yagi radiator, expending
no more than a few hours of BESM-6 computer time on each step. Results of
calculations show that even after the first optimization step, sufficiently
good matching of the radiator to space is achievad, so that the subsequent steps
may prove to be superfluous.

Since a quality indicator usually has several local extrema, the choice of the
starting point for the optimization program is of considerable importance.
Calculations show that such parameters as the mounting height h; and the length
of the first dipole 1j, can be arbitrarily chosen in a range of hy = 0.25--0.4 X
and 1; = 0.3--0.4 1. At the same time, depending on the choice of the initial
values cf the parameters Ah and Al, one can obtain different "optimal" values
of the parameters. For this reason, it is necessary to take somewhat different
starting sets of values for Ah and Al. Usually, these quantities fall in a
range of Ah = 0.1--0.35 A and Al = -0.05--0.15 A. The initial direction for
the matching can be arbitrary, just so the condition 6g < 6_; is met, for
example, 85 = 0. Experience with the calculations shows that the number of
directors in a radiator is expediently chosen larger than K = 2--3.

The directional patterns of an optimized yagi radiator with three directors in
a scan sector of + 40° in the H-plane and + 60° in the E-plane are shown in
Figure 10.6a for a rectangular grid with steps of dy = 0.6 A and dy = 0.54 A.
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The directional patterns of a dipole radiator (K = 0) are also shown in this

same figure for comparison. As can be seen from these curves, the reduction in
the gain of the array for optimized radiators as compared to the maximum possible
value amounts to 0.3 dB overall in the scan sector. This is considerably less
than for an array of radiators consisting only of ome active dipole (X = 0).

Better matching to space in the main planes can be achieved in an antenna array
with a triangular grid for the configuration of the radiators, since in this

case, the dip in the directional pattern of a radiator in the H-plane is

removed considerably from the transverse direction. However, the dip in the plane
|#| = 30° is brought closer to the direction of the normal in this case. The
directional patterns of an optimized yagi radiator in an array with an equilateral
triangular grid for a specified scan sector of |e] < 32° and array steps of dyx =
0.7453 ) and = 0.6415 A are shown in Figure 10.6b. As can be seen, practically
ideal matching of the phased array in the single beam sector is achieved, with

the exception of a narrow dip region.

It must be noted that the quality indicator in the cases cited here has yet
another maximum at Ah = 0.03--0.05 A and Al = -0.05--0.06 A, which corresponds
to a more compact structural design of the yagi radiator. However, the maximum
gain losses of the phased array in this case because of mi