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ABSTRACT

The reflector antennas with a dielectric cone supported subref-
lector are gradually becoming popular for satellite communication. Present
work describes an analytical design procedure, based on the principles of
geometrical optics, for antennas employing dielectric cone feeds. This de-
sign can be used to obtain any arbitrary aperture amplitude and uniform
phase distributions, as compared to the design developed by Salema (1972)
which provided only uniform phase distribution in the aperture plane. The
procedure presented in this thesis can be used for dual reflector antennas,
reflector antennas with a dielectric cone supported subreflector and ref-
lector antennas using dielectric cone feeds with a shaped reflecting sur-
face of the cone material. Theoretically, any set of parameters can be
used for the main reflector, the subreflector and the dielectric cone.
However, it is analytically shown that the excitation efficiency of the
dominant mode in the dielectric cone decreases with an increase in the
dielectric constant of the cone material. On the other hand, the reflection
loss at the cone surface increases with the dielectric constant and results
in a reduction of the overall system efficiency. Therefore, for highly
efficient systems a choice of low relative permittivity for the cone mate-

rial is recommended.

The shaped dual reflector system with a dielectric cone of low
relative permittivity has been shown to have better theoretical performa-
nce than the shaped dual reflector system without a dielectric cone.
However, an experimental investigation of these theoretical results is

recommended.,
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An extensive amount of research has been devoted to focus-
sing reflector antennas, particularly during the last quarter century.
The main reason for this is the requirement of a system with high gain,
low side lobe level and low cross-polarization component for point-to-
point communication. In addition to these the need for low noise
is also essential. Noise is introduced in the communicaticn systems from
the receiver itself, and additional contributions arise from a combination

of man-made and sky noises (Fig.1l.1).

The above -mentioned system requirements can be met either by
using phased arrays of the broad beam antemnas or by using reflecting sys-
tems, The phased array is not universally useful because it is a compli-
cated and costly system [Steinberg, 1976]. The reflecting system, on the
other hand, is conceptually simple and is usually a relatively simple
structure. It can be serviced mechanically with far less sophistication
than is required for a phased array. As a single, monolithic unit on a
mechanical scanning assembly, it is relatively inexpensive to scan. The
phased array, on the other hand, requires a phase shifter for each element
or at least for each subarray. Therefore, reflecting systems are the
appropriate choice for most point-to-point commumication systems umless
the system is required to have certain particular characteristics, such
as a wide and continwus scanning, where the phased array is a better

choice,

In the reflecting systems, reflectors are mainly used to modify
the radiation from a radiating element or feed. The reflectors in the

reflecting systems can have a variety of contours like a parabola,
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Fig. 1.1 External noise sources in an antenna system



circle, ellipse, etc, or can have the shaped contour designed for some

specific purpose IHansen, 1964 1. The feeds for the reflecting systems can
either be one of the broad beam antennas such as dipoles, slots, helices,
loops, spirals, horns, etc, [ Jasik, 1961; Wolff, 1966 ] or a feed consisting
of one of these broad beam antenrias along with one or more secbndary reflec-
tors [ Hannan, 19614 Hansen, 19644 Visocekas, 19641 Clarricoats and Lim,

1969; Collin and Zucker, 19693 Phillips and Clarricoats, 19701,

The simplest reflecting system for generating a pencil beam has
a parabolic reflector, This is the only reflector that has the property
of giving a collimated beam from a point source located at the focus,
Other types of reflectors that can also be used to generate pencil beams
are spherical, stepped, polarized and lensed reflectors [ Hansen, 1964.],
However, these systems are more complex, usually for improving the scanning
capability of the system. The front Jocation of the feed and supporting
structure (Fig, 1,2) in the single reflecting éystems has the disadvantages
of aperture blockage due to the feed, high noise temperature and the in-

convenience of servicing the feed or the receiver in large systems,

In recent years, multi-reflector systems are becoming more common

in use than ordinary single reflector systems due to high magnification

with a short focal length, a convenient rear location of the feed or the
receiver and the potential of higher efficiency through shaping, The most

cormon among the multi-reflector systems is the system based on the Casse-

grain telescope (Fig.1,3), This consists of a main parabolic reflector

and a secondary hyperbolic subreflector, One of the foci of the sub-

reflector coincides with the focus of the para=
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Fig. 1.2 Front-fed parabolic reflector antenna
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Fig. 1.3 C(Classical Cassegrain antenna



bolic reflector and the other focus is the point for the feed or the re-
cciver. Some of the factors affecéing the performance of the Cassegrain
system in the microwave range of electromagnetic spectrumyare the block-
ing of main aperture by subreflector as well as supporting structure, the
diffraction from the supporting structure and reflector edges, spillover

loss from the feed and a non-uniform aperture distribution,

The aperture efficiency and aperture blockage of the Cassegrain
system depend won the amplitude and phase distribution in the aperture
plane [Silver, 1949; Sciambi, 1965]. Therefore, many attempts have been
made to obtain an a priori distribution in the aperture plane from the known
feed patterns [Galindo, 1964; Morgan, 1964; Williams, 1965; Wood, 1972Z;
Collins, 1973]. Some of these design techniques take into consideration
the influence of diffraction at the edges as well. The diffracticn from
the supporting structure has also been studied using simplified models
[Rusch and Sgrensen, 1974; Rusch et. al., 1976; Shafai et.al, 1977,

Rusch et.al., 1977]. However, the exact analysis of the diffraction and
its effect on gain, side lobe level and depolarization is still too complex

to handle with the present day knowledge.

The alternative solution to the supporting structure problem is
to use a system without supporting arms in the main beam path. The two
possible alternatives to the ordinary Cassegrain system are the offset
systems (Fig.1.4) and the use of dielectric cone to support the subreflec-
tor (Fig.1.5). During recent years, the offset systems or open systems
are being studied in great detail to evaluate their advantages and disadvan-

tages [Cook et.al., 1965; Chu and Turrin, 1973; Maanders, 1975]. However,
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Fig. 1.4 Off-set reflector antenna systems
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there is not much work available] Salema, 19723 Clarricoats and Salema,
19737 on the performance of the "dielguides™ or the Cassegrain system

using dielectric cone to support the subreflector,

The reflector antennas with a dielectric cone supported sub.
reflector are gradually becoming popular for satellite communication
I Petrick and Abrahamson, 1974, Ince et, al, 19744 Buchmeyer, 1977 ] The
present study involves the design and analysis of the reflector antennas

with dielectric cone feeds,

The main contribution of the present work is the design of the
two~reflector system with a dielectric cone for any arbitrary aperture
amplitude and uniform phase distributions from a given power pattern of
the incident field at the dielectric cone aperture) This design,based on the
principles of geometrical optics, is also extended to include a main ref-
lector fed by a dielectric cone with a shaped dielectric reflecting surface
instead of a metallic subreflector, The design is general enough to handle
any value of dielectric constant for the cone material and any set of para-
meters for the cone angle, main reflector diameter and subreflector dia-
meter, However, an arbitrary aperture amplitude and uniform phase distri-

butions can be usefully obtained only when the subreflector is metallized.

The power pattern of the incident field at the subreflector can
be determined by the approximate solution [ Salema, 1972 ] for the modes in
the dielectric cone. Although some ofthe assumptions in that work seem
difficult to justify theoretically, Salema has indicated a good comparison
with the experimental work, This procedure for determining the mode repre-

sentation in the dielectric cone is utilized to obtain the surface shapes
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for the various cases in Chapters IV and V, However, it should be noted
that the design is not restricted in any way to this particular mode re-

presentation in the dielectric cone.

For a comparison of the performance of the designed system with
the Cassegrain system, the second chapter presents a brief description of
different microwave reflector antennas followed by an analysis of the blo-
ckage in the Cassegrain antenna. The power pattern of the feed fields using
conical horns with and without dielectric cone can be determined from the
analysis presented in Chapter III. The power patterns of the conical horn
with a dielectric cone are utilized in Chapter IV to give the design and ana-
lysis of the antennas in which the subreflector is replaced by a shaped die-
lectric reflecting surface., The antennas obtained by using the procedure of

Chapter IV do not provide any control on the main aperture distribution.

The generalized design, based on geometrical optics, of the dual
reflector antennas with a dielectric cone feed is presented in Chapter V,
followed by an analysis and comparison of this system with an ordinary Casse-
grain system. Finally, Chapter VI deals with the conclusions drawn from the

present study and some suggestions for further work.

Numerical computations played an important part in the present
research, Almost every result is a consequence of one or more computer pro-
grams, The procedures used for preparing these programs are referred where-
ver necessary and a listing of the programs is available upon request

[ Chugh,1978 1.
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2,1 INTRODUCTTON

The basic reflector antenna consists of a relatively small feed
and a large reflecting surface, The large reflecting surface provides
an increase in the gain, the value of which depends upon the geometrical
characteristics of the reflector and the feed pattern, The geometrical
characteristics of the reflector are the surface curvature and the bound-
ary profile [ Hansen, 19641, The surface curvature can either be generated
by one of the arcs like circular, parabolic, hyperbolic etc,, or a shaped
surface, The boundary profile is often either a rectangle containing a
cylinder of the single curvature or a circle made by the revolution of
some arc, Thus, many types of reflectors can be obtained by choosing any

of the combinations for surface curvatures and the boundary profiles,

The plane reflector, because of simplicity, was one of the first
reflectors to be used in practice, A plane reflector when placed near the
radiating element reduces the backward radiation and also provides a gain
in the forward direction, The gain improvement can be increased
by a combination of two or more reflectors, The corner reflector antenna
made up of two plane reflectors intersecting at an angle can produce gains

as high as 14 dB with a single feed element] Jasik, 1961, pp. 12-27.

The antennas for communication or for radar purposes require a
larger value of gain than that usually obtainable with the plane reflectors.
The most common type of reflector used for high gain antennas is the para-
bolic reflector. The parabolic reflector has the property of transforming

the waves originating from a source at the focus into a pencil beam, The
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parabolic arc can either be wused to form a parabolic

cylinder or a paraboloid of revolution. A cylindrical parabola converts
a cylindrical wave from an inphase line source at the focus into a plane
wave at the aperture [Wolff, 1966]. A paraboloid of revolution converts
a spherical wave from an isotropic source at the focus into a uniform
plane wave at the gperture. The reflector antennas with paraboloidal re-
flector have been used for several decades in microwave relay systems and
in radio astronomy. With this reflector, a pencil beam is generated by
using a point source feed. The shaped or multiple beams can be generated

by using different feed arrangements [Hansen, 1964].

Another antenna used for communication purpose is the spherical

reflector, This antenna obtained by the rotation of a circular arc about an axis

containing the center” ts well adapted for use as a wide angle scanning antenna

[Li, 1959]. However, a source located at the focus of this sphere does
not provide a perfect plane wave since a paraboloidal surface is necessary
to create a plane wave. The departure cf the wavefront from a plane wave
is known as spherical aberration. The amount of aberration depends on

the diameter of the sphere and the focal length [Wolff, 1966]. The on-
axis aberrations can be compensated by the methods including the use of
phased line source feeds, multiple source feeds, auxiliary reflectors or
correcting lenses [Hansen, 1964]. With these methods a large aperture

can be effectively used at the expense of some complexity in design.

Other types of reflector systems such as stepped reflectors,
polarized reflectors, and lensed reflectors can also be used to generate

pencil beams [Hansen, 1964]. However, these systems are more complex,



usually for reasons of improving the scanning capability of the system,
4 ¢

and therefore are not commenly used for communication purpose [ Hansen,1964].

The feed in the above mentioned single reflector systems is
usually placed in the path of the main beam, thus blocking the main aper-
ture and making it difficult to be reached for servicing purposes. The
aperture blocking due to the feed and its supporting structure results in
the decrease of the antenna gain and an increase in side lobe level
[Ruze, 1968]. In recent years, two reflector systems are becoming more
common mainly due to the mechanical attractiveness of having 3 complex
feed system and its associated electronic equipment at the rear of the
main reflector [Hamnan, 1961]. Some of the commonly used classical two

reflector systems will be described in the second section.

The blockage in dual reflector systems, due to the subreflector
and its supporting structure, is more predominant than in the single re-
flector systems. This is due to the size of the subreflector, which is
usually larger than the feed systems for the single reflector antennas.
The heavier subreflector in the dual reflector systems also requires a
thicker supporting structure. Some calculations for the aperture block-
age in the claséical Cassegrain system will also be presented in the

second section to determine their relative contributions.

The aperture blockage in the above mentioned rotationally
symmetric single and dual reflecting systems can be removed by either
using offset systems [Cook et.al., 1965; Pagones, 1968; Maanders, 1975]

or supporting the main reflector or the subreflector with a dielectric
P g .
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cone [Bartlett and Moseley, 1966]. The offset systems have the feed or
the subreflector located outside the path of the ray trajectories for
the main beams. The offset systems thus lose the symmetry of the front
fed systems or the Cassegrain system and have a higher level of cross-
polarization component [Maanders, 1975]. The Cassegrain antenna with a
dielectric cone to support the subreflector is being studied in the pre-
sent work. The basic principle of its operation can be found in the
paper by Bartlett and Moseley (1966). The use of the dielectric cone is
gradually becoming popular in practice [Petrick and Abrahamson, 1974;
Buchmeyer, 1977] due to its obvious advantages of low aperture blockage

and low spillover loss.

In many applications such as search and ground mapping radars
it is desirable to have a shaped beam in one or both planes. A method
for obtaining a shaped beam of an arbitrary shape in one plane and uni-
formly narrow in the perpendicular planes has been described by Dunbar
(1948). This method based upon the principle of conservation of energy
and simple laws of geometrical optics is valid for obtaining the surface
curvatures of a single reflecting system. Some of the procedures used
these days for shaping the dual reflector systems will be described in
the third section. Finally, the last section will present a summary of

the developments in reflector antennas.
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2.2 CLASSICAL DUAL REFLECTOR SYSTEMS

2.2.1 Types of Classical Systems

The general dual reflector system consists of a subreflector
to reflect the waves incident from the feed element to the main reflector
and a main reflector to transform the energy incident on it from the sec-
ondary reflector into the main beam. Each of these two reflectors can
have any of the classical shapes like parabola, hyperbola, ellipse or

circle. Some of the common combinations are described below.

The most common of the two reflector systems is the Cassegrain
system. This consists of a parabolic main reflector and a hyperbolic
subreflector. The secondary reflector is situated between the focal point
and the vertex of the main or primary reflector, with one of the two foci
being coincident with the focal point of the main reflector. The position
of the remaining focal point determines the system focal point and thus
the position of the feed system. The performance of the Cassegrain sys-
tem is sometimes evaluated by means of the equivalent parabola [Hansen,
1964]1. The equivalent parabola concept can be used to evaluate the per-
formance of the Cassegrain system with the exception of the effects of
aperture blocking and diffraction due to subreflector and supporting

structure.

The classical Cassegrain system may easily be extended to include
a variety of forms [Hannan, 1961] by varying the curvatures of the two

reflectors. The common variation of the Cassegrain system is the Gregorian
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system (Fig. 2.1). The Gregorian system is similar to the Cassegrain
system in that a parabolic reflector is used, however, the subreflector
in this configuration is elliptic in shape rather than hyperbolic. Since
the location of the two foci of an ellipse are on the same side of the
surface, the subreflector is situated further out than the focal point
of the main reflector. The Gregorian system is commonly used in radio

astronomy for use of simultaneous multiple frequency feeds,

The non-Cassegrain system [Visocekas, 1964], although super-
ficially similar to the Cassegrain system, is fundamentally different.
This system uses a parabolic subreflector whose focus is set exactly
at the focus of the main parabolic reflector. In this system, similar
to the Gregorian system, the subreflector is situated further out than

the focal point of the main parabolic reflector.

The spherical reflector with a Gregorian subreflector is also
being considered for satellite communication earth stations [Phillips and
Clarricoats, 1970]. The main advantage of this dual reflector system is
the scanning capability over a small angle. However, this system has
not found much application due to the higher side lobe level as compared

to the Cassegrain system.

The other dual reflector system being considered in literature
is the conical-Gregorian antenna [Ludwig, 1972]. In this system the
conical main reflector is fed from a subreflector in conjunction with a
conventional horn feed. This system when compared to front fed paraboloid
or Cassegrain systems has much lower cost and the mechanical advantage

of single curved surface.
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Parabolic Main Reflector

Elliptic Subreflector

Feed

Fig. 2.1 Classical Gregorian antenna
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All the above mentioned dual reflector systems have the advantage
of convenient feed location between the two reflectors or closer to the main
reflector. This reduces the feed line losses and can be reached more conven-
tiently for servicing purposes. The disadvantages of the dual reflector sys-
tems include the diffraction, spillover loss from two reflectors and the
aperture blockage. Although the aperture blockage appears in front fed para-
boloids as well, the consequences are less severe, as the feed is typically
smaller than the subreflector and the support legs much thinmer [Dijk et.al.,
19711, The effect of the aperture blockage on the gain of classical Casse-

grain system will be considered in the next section.

2.2.2 Aperture Blockage in Cassegrain Antenna

A basic limitation of most dual reflector antennas, such as Casse-
grain antennas, is the blockage of the aperture by the subreflector and its
supporting structure. The first order approximation of the aperture blockage

was.based upon the ray optics shadow of the blocking component and the zero-
field concept [Ruze, 1968; Rusch and Potter, 1970; Dijk et.al., 1971 ] How-
ever, the zero-field in these shadows does not give adequate prediction of
the gain, side lobe level and antenna efficiency [ Breithaupt, 1966 ] . It was
determined by Breithaupt (1966) that an opaqueness factor of 0.6 gives the
antenna parameters which agree very well with the measured values. These
investigations, however, did not provide any information on the effects of

changes in operating frequency and polarization.

A more accurate description of the blockage requires an investi-
gation of this at microwave frequencies. The operating frequencies in the

microwave region result in the shadows which are wider than
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the optical shadows [Rusch and Sgrensen, 1974]. In principle, this
effect can be described by adding the edge diffracted rays to the re-
flected rays from the subreflector. However, when the subreflector size
is large compared to a wavelength, the geometrical shadow approximation
provides the results with reasonable accuracy, provided that the angles
of observation are not far from bore sight [Silver, 1949; Collin and

Zucker, 1969; Rusch and Potter, 1970].

The first order approximation to the analysis of the support
structure blockage, due to its presence in the main beam path of the
Cassegrain antenna, was based on zero-field concept and optical shadow
[Dijk et.al., 1971]. This analysis, however, does not take into account
the depth, cross-section, or the tilt of the struts, nor does it provide
any differences for frequency or polarization effects [Rusch and Sgrensen,
1974; Shafai et.al., 1977]. To account for these effects, Rusch and
Sprensen (1974) introduced a concept named IFR (induced field ratio).

This is based on the assumption that the struts in the Cassegrain antenna
act like infinitely long cylindrical structures in the path of plane waves.
The assumption of the incident field being a plane wave is not exactly
true in the actual case. However, it is a useful first step in ""coming

to grips' with the problem of strut blocking [Rusch and Sgrensen, 1974].

The induced field ratio is defined to be a measure of the for-
ward scattered field of an infinitely long cylindrical scatterer when it
is immersed in an incident plane wave. These ratios, corresponding to
E_ and Hz polarizations of the incident plane wave, for a right circu-

z
lar cylinder of radius b are given by
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IFR; = - ﬁE&‘" n_z:m [J (b Cosdfﬁ/HIEZ)(kb Cosal) ] (2.1)
1 119, (0 Cose) M) b cosd)] (2.2)

respectively. In the above equations

o = tilt angle of the strut relative to the incident
plane wave,

k. = propagation constant,

Jn(XJ = Bessel function of order n and argument X ,

HﬁZ)(X) = Hankel function of second kind of order n and

argument X,

and the primes denote the derivatives with respect to the arguments. The
IFR's for a right circular cylinder are plotted in Fig. 2.2. As indicated
in Fig. 2.2, both the IFR's approach the value -1.0 + j 0.0 as the radius
increases, one from the second quadrant of the complex plane and the other
from the third quadrant. Therefore, as the radius of the cylinder becomes
much larger than wavelength, the results obtained by using IFR hypothesis

approach the results using zero-field concept.

The blockage of the support structure due to its presence in
the feed path was approximated in the earlier investigations by using
trapezoids [Maanders, 1975]. More recently, this procedure has been re-
placed by an analysis using exact optical shadow [Shafai et.al., 1977].
However, this approach does not provide any information of the effects
of polarization and frequency, since it is based on the principle of

optical shadowing.
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The above paragraphs provide a brief summary of the procedures
used these days to analyse the effects of the blockage in the Cassegrain
antennas due to the subreflector and its supporting structure. These
procedures, with some added complexity, have led to a better understand-
ing of the blockage contribution on the gain, side lobe level and polari-
zation of the main radiation pattern. However, the simpler procedure
based on the zero-field concept and optical shadowing are used in the
following paragraphs to obtain the qualitative results of the blockage

contribution.

The optical shadows in the aperture due to the subreflector
and its support structure are indicated in Fig. 2.3. The total blockage
can be divided into three major areas as follows:

(1) The central obstacle or the subreflector shows a shadow
on the aperture obtained by projecting the subreflector by a plane wave
(Fig. 2.3a).

(2) The portion of the plane wave obstructed by struts is
found by projecting the struts on the main reflector aperture by a plane
wave (Fig. 2.3b).

(3) The third shadow is formed by projecting the support legs
on the aperture by a spherical wave with its phase centre in the focus

(Fig. 2.3c).

The effects of these shadow regions on the gain and antenna
efficiency can be calculated by using the current distribution or aperture
field methods [Silver, 1949]. A calculation of the current distribution

over the main reflector is difficult because of the interaction between the
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(a) Subreflector shadow by a plane wave (b) Strut shadow by a plane wave

¢

(c) Strut shadow by a spherical wave (d) Geometry of the antenna

Fig. 2.3 Optical shadowing by plane and spherical waves in
the Cassegrain antenna with four struts
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obstacle and the source system [Maanders, 1975]. An approach may be
found in the geometrical theory of diffraction [Keller, 1962], however
both geometrical theory of diffraction and aperture field methods provide
only an approximate solution. Hence, only approximate methods or the
experiments give an answer for the influence of blockage on the gain and

radiation pattern.

Using the aperture field method [Silver, 1949], the relative
far field directive gain pattern of a rectangular aperture near main axis

may be represented by the scalar equation

g(d,4) = J F(x,y) exp[jk Sin6'(x Cos¢ + y Sing)]dx dy (2.3)
A

and that of a circular aperture by

' . .
206) = | F(o,0) explikp Sind Cos(o-0)] 0 do do  (2.4)
A
where g is the gain at observation angles o and ¢ ; F is the
aperture amplitude distribution; and k is the propagation constant.
These equations along with ''zero-field concept" [Rusch and Potter, 1970]

are used in Appendix A to find the total gain pattern.

The zero-field concept involves the subtraction of the blocked
aperture gain from the unblocked one to obtain the true gain. If g,
gl, g2 and g3 are the gains of the umnblocked aperture, subreflector,
plane wave strut contribution, and spherical wave strut contribution,

respectively, then the total gain pattern gt is given by [Maanders, 1975]
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g (840) = g (856) - g (6.4) - g (&,¢) - g (€,9) (2.5)

The blockage efficiency as derived in App, A as eq, (A.24) is given by

_ll gp(0,0) |* .
no ~ g, (0,0) (2.6)

where > n, are the efficiencies and gg> go are the gains of the

blocked and unblocked apertures, respectively. It should be noted that g

has the values g , g+ g ,or g + g + g for the blockage efficiencies of
1 2 3 1 2 3 ‘

the subreflector, support structure, or the total blockage, respectively,

The four parameters which influence the aperture blockage are
the subreflector diameter Ds’ support structure width W , the end point
of the support structure on the main reflector T and the aperture
amplitude distribution. The results of variations of these parameters
are plotted in Figures 2.4 - 2.7, where the contributions of the subreflec-
tor and support structure are plotted along with the total blockage

efficiency.

The contribution of the subreflector to the blockage increases
with an increase in subreflector diameter, thus reducing the blockage
efficiency, as shown in Fig. 2.4. An increase in subreflector diameter
reduces the plane wave as well as the spherical wave contribution of the
support structure resulting in increased blockage efficiency. The total
blockage efficiency has a maximum around DS/D = 0.22 where an efficiency

of 0.62 is obtained for wniform aperture amplitude distribution.
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The increase in support structure width does not change the
blockage due to subreflector, as shown in Fig. 2.5. As expected the
support structure contribution increases very rapidly with an increase
in the width. For minimum blockage loss due to support structure the

width should be as small as possible.

The movement of the support end point on the main reflector -
does not affect the contribution of the subreflector blockage, as shown
in Fig. 2.6. The movement of the end point towards the edge results in
an increased contribution due to plane wave shadow and decreased contribu-
tion of the spherical wave shadow. The overall effect of these two is a
decrease in support structure contribution. For improving the efficien-

cy, the end point should be as close to the edge as possible.

The change in aperture amplitude distribution reduces the
overall efficiency of the system, although there is Zero change in total
blockage efficiency (Fig. 2.7). This is due to a decrease in aperture
efficiency with an increase in edge illumination. The subreflector con-
tribution increases due to an increases percentage power being blocked
by the subreflector. On the other hand, the support structure contribu-

tion decreases due to the reduced weightage of spherical shadow.

In the above paragraphs the obstacle contributions to the block-
age efficiency for various parameters are presented based on zero-field
concept. One common feature in all these curves is that the support
structure contribution is much more important than the subreflector con-

tribution in all cases except when DS/D is larger than 0.36.
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2.3 SHAPED DUAL REFLECTOR SYSTEMS

The effect of aperture blockage in the dual reflector systems,
such as Cassegrain system, on the antenna efficiency can be calculated by
appropriately weighting the optical shadow and the aperture illumination.
The amplitude and phase distribution in the aperture plane of main ref-
lector has an important bearing on antenna efficiency-[ SciamFi, 19651 In
order to achieve an optimum amplitude and phase distribution in the aper-
ture of main reflector, the only degree of freedom for design is in the
feed. Vhen the feed achieves a '"best' design no further improvements of
antenna performance can be realized [Rusch and Potter, 1970].  Recently,
however, machine computation has enabled the two parameters which had
previously been considered constraints, i.e., the two reflector shapes,

to be modified.

The first general treatment for the problem of passing from an
initial field with an arbitrary amplitude and phase to a final field
with arbitrary distribution is based on the principles of geometrical op-
tics [Kinber, 1962]. It is shown that a primary field with an arbitrary
amplitude and phase distribution cannot, in general, for a three-dimensional
case, be transformed into an arbitrary secondary field with the aid of
two reflectors. However, it is possible to achieve this transformation

by using rotationally symmetric dual reflectors [Galindo, 1964].

The design procedure uses two linear equations, for aperture
amplitude and phase distributions, and two differential equations, for

the Snell's laws at the two reflectors, to develop a pair of nonlinear
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differential equations [Galindo, 1964]. These nonlinear differential
equations are solved by a digital computer to obtain the surface curva-
tures of the two reflectors. The procedure is sufficiently general to

allow useful variations of the design objectives.

The above mentioned design procedure has been used to obtain
overall high efficiency antemna reflector [Williams, 1965]. A higher
efficiency is obtained by selecting, from a given feed pattern, a taper
level to give high spillover efficiency from the subreflector and then
designing the reflectors to obtain uniform illumination. Using this method

a gain improvement of 1 dB has been indicated [Williams, 1965].

Another reflector synthesis technique [Potter, 1962] proceeds
along different lines from the geometrical technique described above.
The feed system, consisting of a primary feed and subreflector combination,
is required to produce a spherical wave front at "infinity'" within a
specified angular region. The spherical wave expansion technique, in con-
junction with machine computation, then yields a subreflector contour and
primary feed radiation pattern which produces the desired feed system
radiation pattern. The contour of the synthesized subreflector has a
flange at the end to reduce spillover losses. However, the subsequent

work [Potter, 1966] gives the impression that the solution is not found

ideal.

The research on shaped dual reflector systems is still going on
to obtain even more improvements. The geometrical considerations have

been applied to shape the reflectors with a plane wave feed [Morgan, 1964].
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This study indicated that the antennas which image the feed aperture on to
the main reflector along with efficient illumination efficiency are not
of practical importance. A technique has been proposed for raising the
efficiency of spherical reflector antennas with the Gregorian method of
phase correction [Clarricoats and Lim, 1969]. In this way the efficiency

of the spherical reflector may be improved considerably.

The above techniques help to reduce the losses due to the aper-
ture amplitude and phase distribution. However, the aperture blockage
and diffraction due to supporting structure still require further invest-

igation.

2.4 SUMMARY AND DISCUSSION

The antennas for radar or communication purposes require a large
value of gain which can be produced either by building up space arrays
of dipoles, slots, horns, helices, loops, and spiral antennas [Kraus,
1950] or by the use of reflectors and lenses with these antennas acting
as a feed. However, the array type antennas become very complex to de-
sign and operate for gains greater than 30 dB [Jasik, 1961] thus leaving

reflector antennas as the alternative.

The most common type of reflector used for high gain antennas
is the parabolic reflector. This type of reflector is very convenient in
microwave frequency range, where apertures of many wavelengths are practi-
cable. The paraboloidal reflector, obtained by rotating a parabola about

its axis, generates a pencil beam by using a point source feed at focus.
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The shaped or multiple beams can be generated by using different feed

arrangements.

The aperture blocking by the feed and its supporting structure
results in a reduced gain and increased side lobe level [Ruze, 1968].
Also, the front location of the feed makes it difficult to be reached for
servicing purposes. In relatively recent years, a number of microwave
antennas have been developed which employ dual reflectors similar to
Cassegrain telescope [Hannan, 1961]. The general double reflector system,
when compared with the single reflector type, achieves a high magnifica-
tion with a short focal length and allows a convenient rear location of

the feed or the observer.

The most common dual reflector system, Cassegrain antenna, con-
sists of a parabolic main reflector and hyperbolic subreflector. One of
the foci is the real focal point of the system and is located near the
main dish. The other focus is a virtual focal point located at the focus
of the paraboloid. The primary feed located at the real focal point re-

sults in a plane wave front after reflection from the two reflectors.

A disadvantage of the Cassegrain system is the decrease in
antenna efficiency due to blockage and diffraction introduced by the sub-
reflector and its supporting structure. Diffraction occurs since the
dimensions of the subreflector are not large compared with wavelength, Some
approximations have been made for the effect of diffractions on antemna
performance, but still it requires further study [Maanders, 1975]. The

effects of aperture blockage have been calculated by using the aperture



37

field method. As is evident from the results presented in Section 2.2.2,
the contribution of supporting structure is much larger than that of the
subreflector. The supporting structure contribution can be reduced by
increasing the subreflector diameter, reducing the supporting arm width,
moving the arm towards the edge of the main reflector, and reducing the
edge illumination. An increase in subreflector diameter reduces the
blockage efficiency, thus not providing a good solution. The support arm
cannot be made thinner and moved to the outer edge beyond a certain limit
due to mechanical limitations. Reducing the edge illumination reduces

the overall efficiency of the system because of reduced aperture efficiency.

Therefore, a compromise has to be made to obtain the best efficiency.

A further limitation of the classical Cassegrain antenna lies
in the fact that the aperture illumination is mostly so selected that the
antenna gain reaches a maximum. By doing this, the aperture illumination
is fixed and no means of controlling the efficiency and side lobes are
available [Rusch and Potter, 1970]. The possibility of obtaining a spec-
ified aperture distribution has been demonstrated for circularly symmetri-
cal reflectors [Galindo, 1964]. In this way the efficiency of the dual
reflector system may be considerably improved and also the reflectors can
be designed to remove the subreflector blockage. Also, it is possible
to illuminate the edge of the subreflector at values as low as -20 dB
to provide higher spillover efficiency and low noise figures [Maanders,

1975].

The design technique based on geometrical considerations does

not, however, reduce the aperture blockage due to supporting structure.
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The best alternative to remove this blockage will be to support the sub-
reflector by some other means. Recently, the efficiency of microwave
antennas has been improved with the use of a dielectric cone to support
the subreflector [Bartlett and Moseley, 1966]. However, in this tech-
nique the reflectors used had the classical shapes. In the present work
an attempt has been made to shape the dielectric cone fed reflector an-

tennas for an arbitrary field distribution.



CHAPTER III

FEEDS FOR REFLECTOR ANTENNAS
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3.1 INTRODUCTION

The design requirements and specifications of an antenna feed
are usually governed by the purpose of the antemnna and the operating fre-
quency. Some of the requirements imposed on the feeds which illuminate
microwave reflectors are as follows:

(a) minimum spillover loss,

(b) independence of phase centre on operating frequency,

(c) perfect matching to the transmission line, source or

detector,

(d) 1low cross-polarization components

and (e) ideal edge taper.

One of the first microwave antemna feeds, adapted from the prac-
tice at longer wavelengths was the dipole feed [Silver, 1949]. Due to
the pattern properties of a dipole, a reflector plate is required to ob-
tain the directivity. These days dipole feeds are being used as a feed

for backfire antemnas [Ehrenspeck,1974].

The other feeding configurations used for reflector antemnas in-
clude helical, planar spiral, conical spiral and log-periodic antennas.
The design and analysis of these feeds are available in many texts on
microwave antemnas [Jasik, 1961; Welff, 1966; Collin and Zucker, 1569].
The radiation from these feeds has much larger bandwidth than the dipole
feed and also these feeds do not require any special feeding arrangements
to give polarization properties. However, the frequency dependence of the

phase centre and the power handling capability limit their applications to



41

reflector antennas.

In the case of a reflector antenna that requires a line source
feed, dipole and horn arrays as well as slotted waveguide arrays can be
used [Silver, 1949; Cumming, 1963]. Pill box or cheese antennas have

also been used as line source feeds.

The most common feeds for microwave reflector antennas are
the horn feeds. The simplicity of design along with their excellent imped-
ance, polarization and power handling capabilities have led to a wide

usage of horn feeds since their advent.

Horns are constructed in a variety of shapes in order to control
one or more of the four major electrical properties: gain, . polarization,
radiation pattern and impedance, Some of the basic shapes are the sector-
al horns (either E- or H-plane sectoral horns), pyramidal horns, and con-
ical horns. For circularly symmetric reflector antemnas such as front-
fed paraboloids and the Cassegrain system, the conical horn is the most

appropriate choice due to circular symmetry.

A number of improvements have been made in the conical horn to
achieve better performance for use as a feed in reflector antennas. The
extension of conical horn to dual-mode horn antenna [Potter, 1963] provides
the beamwidth equalization in all planes with at least 30dB side lobe
suppression in the electric field plane. A conical horn antenna with grooves
perpendicular to the wall of the horn has shown excellent properties for

use as a feed for reflector antemnas [Jansen et.al., 1969]. The attractive
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properties of the scalar feed or corrugated horn feed led to a consider-
able research in this area [Clarricoats, 1969; Clarricoats and Saha, 19711.
The second reference also refers to the work in different countries up to

1971.

The use of a corrugated conical horn as a feed for Cassegrain
antenna reduces the spillover but does not provide much improvement in
supporting structure blockage. The characteristics of the corrugated con-
ical horn feed and 'dielguides' have shown to be similar to each other
[Clarricoats, 1970]. In the present work, the dielguide is being used as
a feed for the Cassegrain anterna. To understand the radiation pattern
of reflector antennas with a dielectric cone feed (Chapters IV.and V) it is
necessary to predict accurately the radiation pattern of the horn with

and without dielectric cone.

In this chapter a comparison will be made of the theoretical
and experimental radiation patterns of the conical homms with and without
dielectric cone. The radiation patterns are calculated using vector

Kirchhoff integral formulation [Silver, 1949].

3.2 CONICAL HORN ANTENNA

The conical horn antemna is formed by flaring the walls of a
circular waveguide as shown in Fig. 3.1. The usual method of exciting
this antenna is through a rectangular waveguide with a transition from
rectangular to circular waveguide. By virtue of its axial symmetry, the coni-

cal horn can handle any polarization of the dominant mode.
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Schorr and Beck (1950) reported a modal representation for the
modes in a semi-infinite perfectly conducting conical horn. A similar
formulation was later used by Bailin and Silver (1956) to determine the
radiation from the slots on a conical horn. Pesign data for conical horns

is given by King (1950).

The radiation pattern of the conical horn can be calculated using
either the aperture field integration technique [Silver, 1949] or the edge
diffraction theory [Hamid, 1968}. The aperture field integration technique
provided good results for cones with flare angles up to 20° [Schorr and
Beck, 1950]. This was due to certain approximations made to ensure fast
convergence of the integrals. Recently, a good agreement with the experi-
mental data has been reported for cones with flare angles up to 45° using
numerical methods [Marasimhan and Rao, 1971]. A similar approach will be

used in the following sections to calculate the radiation patterns for the

conical horn.

3.2.1 Characteristic Equation and Aperture Fields

Consider a perfectly Eonducting conical waveguide of flare angle
€ and slant length a with apex at the origin (Fig. 3.1). The fields
inside the conical waveguide are assumed to be those for an infinitely long
waveguide. The hybrid modes in the conical waveguide can be conveniently
represented as super-positions of the fields TE to v and ™M to T
[Harrington, 19611. Making an appropriate choice of the electric and mag-

netic vector potentials for the TE to r and ™ to r fields, the
field components can be evaluated from the following set of equations

[Harrington, 19611.
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Fig. 3.1 Coordinate system for the conical horn antenna
analysis
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In the conical waveguide the fields should have the periodicity
in 2r on ¢ , finiteness at € = 0 and also satisfy the radiation
condition at infinity. Hence, the appropriate choice for T to T mode

functions with a time dependence Wt is as follows:
A=A P‘\‘} (Cose) h (kr) Cos(m$) (3.7)

where m=20, 1, 2, ..., Pﬂ(CosG) and hv(kr) are the associated

Legendre function and the spherical Riccati-Hankel function of second kind,
respectively. For this choice of vector potential, the field components

for T™ to r modes calculated by using equations (3,1) - (3.6) are as follows:

E = f‘_@_ v(v+l 'meCose) h (kr) Cos(m¢) | (3.8)
T jwe T \)k v A .
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A 1 de}(Cose)
8 Jjwe T ds

h&(kr) Cos (m¢) (3.9)

Amvkm PS(COSG)

E¢ " " Jwer ~Sing h (kr) Sin(mg) (3.10)

=0 (3.11)
mA Pg(Cose)

He = - T Sime h\)(kr) Sin(m¢) (3.12)
A dPg(Cose)

By =7 g — h,(kr) Cos(mg) (3.13)

In the above equations the prime denotes the derivative of the
Ricatti-Hankel function with respect to its argument. To satisfy the
boundary conditions Er =E =0 at 0 = ee , the parameter v must

¢

satisfy the characteristic equation
P]\T;(Cosee) =0 . (3.14)

The appropriate choice of the vector potential for TE to r

mode functions is as follows:

F.=B PIS(COSS) h, (kr) Sin(mé) (3.15)

With this choice, the field components are then given by the following

set of equations for TE modes.

E_ =0 (3.16)

mB Pg(Cose)

e T T Sind

tm
I

hv(kr) Cos (m¢) (3.17)
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Jn
Bmv de(Cose)

By = -+ —aq— hy(kn) Sin(m) (3.18)

= o) P (Cos6) h (kr) Sin(mp 2 19

r T on 12 (Cos8) h (kr) Sin(m¢) (3.19)
dpm(cOse)

Hy = ng X ¥ hl(a) Sin(m) (3.20)

. nw nk Pm(Cose
é  jup T Sind

h&(kr) Cos (mé) (3.21)

The boundary condition E¢ =0 at 6 = Ge requires that the

parameter v must be a solution of the characteristic equation

[d pﬂ(cOse)/de]e=9 =0 . (3.22)
e

The solutions for the characteristic equations (3.14) and (2.22)
can be obtained by using the bisection method [Pennington, 1970] along
with the hypergeometric expansion of the associated Legendre polynomial
[Gradshteyn and Ryzhik, 1965,pp.1007]. Recently, the integral representa-
tion of the associated Legendre polynomials has been used to obtain the
solutions of the characteristic equations [Narasimhan and Balasubramanya,
1974]. This technique provides good results for the eigenvalues with zero
and wnity azimuthal dependence. However, the computer program written to
evaluate the eigenvalues using an integral representation can not be general-

ized for any value of m due to different integrands.

The first four roots of the characteristic equations are plotted
in Figures 3.2 and 3.3 as a function of the cone flare angle for m= 0

and m = 1, respectively. The subscript m and n , used to identify the
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modes, are respectively the azimuthal dependence and the order of the

root of the characteristic equations for increasing values of v .

For the purpose of computation, it is convenient to use a slight-

ly modified form of the transverse aperture fields over a spherical cap
jwt

]

of r =a . Dropping the amplitude constant, the time dependence e
and considering only the outgoing wave, the transverse aperture fields

for ™ to r modes are given at r-= a asi

dP(Cos0)

Ee = L Cos (mcb) (3.23)
PS(COSG)

E¢ = -m ——S‘iﬁé’- Sin(m¢) (3.24)
. Pm(Cosé)

Ha - Ri%ia) m vSine Sin(mp) (3.25)
. de(Cose)

H¢ = - Ri%ia) m vde Cos (m¢) (3.26)

where
Rv(ka) =k h& (ka)/hvﬁka) : (3.27)

Similarly, the transverse aperture fields for TE to r modes

are given at r = a asj

Pg(Cose)

Ee = - m SiTE Cos (mq‘)) (3.28)
_ dP@(Cose) )

E¢ = ——HE—---Sln(m¢) _ (3.29)
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_ R, (ka) dP{)“(Cose)

He Tou 5 Sin(m¢) (3.30)
Rv(ka) P?(Cose)
H@ = Ton N —==5 Cos (m¢) (3.31)

The amplitudes of the TE11 s 'IM11 s TE12 and TM12 trans-
versal fields in the E- and H- plane of a fabricated horn with flare
angle 9.5° are shown in Figures 3.4 and 3.5. These amplitudes are norm-
alized to provide the same gain of the far field radiation pattern. The

actual amplitudes of these modes depend upon the throat design and the
cone length [Schorr and Beck, 1950].

3.2.2 Theoretical and Experimental Radiation Patterns

Now that the aperture fields of the conical horn are known, the
radiation field Eg may be determined by Kirchhoff-Huygen's integration
over the aperture area. The radiation field Eg at the observation point

with coordinates (r', 6', ¢') 1is given by [Silver, 1949, pp.161].

—— 7 —- ' — R g — o—
Es(e',Cb') - - JklheT;q')( jkr') ar'x f mxE. - we l/zar' x
A

(m x ﬁi)] exp (jkr - Zfr,) dA (3.32)

where as indicated in Fig. 3.1,

r 1is the vector from the origin to the element of
the aperture;

5}, is the unit vector from the origin to the observation point;
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n is the unit vector normal to the aperture;

and E H i

i are the aperture fields.

Substituting for the different vectors and after some simple

algebraic manipulations, the radiation field components are found to be

B PXL

. o e
By (0',01) = - B@RLIT) [ ) LB ocos(9-¢1) + E, Cost

0 0

Sin(¢-¢") - (w/e)*'? Hy Cos®' Sin(¢-9")

-(p/e)t? H¢ {Cos® Cos6' Cos(¢-¢') + Sind Sind'}]
exp[jo + jy Cos(¢-¢')] a®Sine do d¢ (3.33)
and
. et Oaram
By (0,07 = - LSBT [0 g cosor sin(-97)
0 0
- E¢ {Cos® Cos®' Cos(¢d-¢') + Sind Sind'}
+ (W/e)'? Hy Cos(¢-6") - (we)''? H, Cos® Sin(¢-¢")]
exp [jo + jy Cos(¢-4')] a® Sine de d¢ (3.34)
where
o = ka Cos6 Cos6' (3.35)
and Y = ka Sin® Sin6' (3.36)

The numerical evaluation of the above integrals can be consid-
erably simplified by substituting the closed form expression for the ¢
integration. This is due to the representation of exp[jd Cos(¢-¢')]
in terms of Bessel functions [Harrington, 1961, pp.230]. Performing the

¢ integration with the aperture field components from equations (3.23) -
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(3.31), the radiation field components are reduced to the following

equations.
3] - P™(Cost R (ka
Egg, (6',6') = - C Cos(my") Joe[mg —Yé§5§—24{1 - V;k )
| : .v(Cose)_ R (ka)
Cos8 Cos6'} + & 5 {Cos6 - 7K Cos6'}
R (ka)
- 2 mPﬂ(Cose) Sine' J ()] exp(jo) Sino de
Egg, (8',6") = - C Sin(m$") fee[—ma E$é§;§§34{cOse'
R, (ka) dpﬁ(cOsg) R, (ka)
"5 Cosb} - & ———aﬁ————-{Cose Cos' - IX
dP™ (Cos6)
- 2j Sing Sino' J_(y) ——l%ﬁr—-—q exp(jo) Sind de
Ezg, (6',0') = - C'" Cos(mp") % [ Efg—ég-?-sf—)--{Cose Cosb!'
R, (ka) Py (Cos6) R, (ka)
- —_ﬁifn& + mé ——EIEE~—-{COSG' - 3% Cosb }
dP™(Cos6)
+ 2j Sind Sind' J_(V) —-%5-——-—4 exp(ja) Siné do
Ezg, (8',6') = - C' Sin(mo") fee[a dpgggose) { R”;Ea) Cosg'
Pﬂ(Cose)_ Rv%ka)
- Cos8} + mg St { X Cos® Cos6' - 1}

+ ij.Pg(COSG) Sing' Jm(w)] exp(jo) Siné do

where

.m k .
C=3" 35 B h (ka) exp(-jkr')

.m k .
C' = 3" g3 Ay, By (ka) exp(-jkr")

m

£=J3, () - I, W

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)
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6= @)+, @ (3.44)

and Jm(w) is the cylinderical Bessel function of order m and

argument ¢ .

The above equations are utilized to obtain the radiation patterns
of the fabricated conical horn of flare angle 9.5° at two frequencies of
8.5 and 11 GHz' These radiation patterns along with the observed radia-
tion patterns are plotted in Figures 3.6 and 3.7. In the theoretical
pattern calculations, attention has been restricted to the dominant mode(TEll)
in the conical horn. A good agreement of the observed and calculated

radiation patterns is clearly indicated.

3.3 DIELECTIRIC CONE ANTENNA

A dielectric cone antemna consists of a dielectric cone fed by
a horn antemna. For the circularly symmetric case, the launcher could
either be a conical horn or a corrugated conical horn. Due to the expen-
sive manufacturing of corrugated conical horn antemna [Clarricoats and
Saha, 1971], the attention in the present work is restricted to a conical

horn launcher.

The analysis of the dielectric cone antemna requires a knowledge
of the appropriate modes in the dielectric cone. Very little theoretical
and experimental work is available for determining the mode propagation
[Salema, 1972] or scattering from a dielectric come [Ruck et.al., 1970].

This, as shown in the following sections, is due to the excessive time
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involved in the evaluation of the associated Legendre polynomials and the
simultaneous solution of two transcendental characteristic equations ob-
tained by matching the boundary conditions. Any attempt to obtain the
solution involves an approximation to reduce the two characteristic
equations into one and approximating the associated Legendre polynomials

by an asymptotic expansion.

A similarity between the corrugated feed and optical waveguide
as shown by Clarricoats (1970) has been used by-Salema (1972) to develop
an approximate solution for the dielectric cone antenna. Since a better
solution is not available the same approximations will be used in the fol-
lowing sections, The eigenvalues thus determined are used to calculate the
radiation patterns using vector Kirchhoff's integral formulation., The
effect of adding higher order mode contributions to the radiated field

and some experimental results are also discussed,

3.3.1 Characteristic Equation for a Dielectric Cone Antenna

Consider an infinite iossless cone of dielectric éonstant el
immersed in a material of dielectric constant e, (Fig. 3.8). The
spherical coordinate system is chosen in such a way that the axis of the
cone lies along the positive z-axis. The hybrid modes propagating inside
the dielectric cone can be represented as a combination of TE to r

and TM to r modes. The appropriate vector potentials for these modes

are given as [Harrington, 1961]

(1) _ - pht
ALY = A hy (k 7) p‘;(c:ose) Cos (mé) (3.45)
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Fig. 3.8 Coordinate system for the dielectric cone antenna
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r() - h(k 1) P(Cose) Sin(mp) (3.46)

for modes inside the dielectric cone and

A(z)
T

h, (kzr) PIE('COSG) Cos (m4) (3.47)

1]

F() = h (k1) PP(-Cos6) Sin(mo) (3.48)

for modes in the region outside the dielectric cone. In the above

equations
2 _ 2
k1 =wen (3.49)
2 .2
k2 = wen (3.50)
and

P?(Cose), P?(-Cose) are the associated Legendre functions

of first kind;

hs(k T) , ht(k r) are the spherical Riccati -Hankel functions
1 2

of second kind for a time dependence of ejwt , and satisfy the differ-
ential equations
2
L2 -8y h k) = 0 (3.51)
dr? 1 12 ST 1
and
2 2
L sk M}h k1) =0 (3.52)
d_rz 2

It should be noted that P?(Cose) and P?(—Cose) are two
linearly independent solutions of the differential equations for the
associated Legendre polynomials [Gradshteyn and Ryzhik, 1965] and for

the fields to be decaying outside the cone, t should be taken as - 1/2
+ jt'.
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Substituting the electric and magnetic vector potentials of

components in the two regions as

(1) . (s+l
Erl = A v§—§——)hs(klr) P?(Cose) Cos (m¢)

jwelr
20 . A hs(klr) : Rs(klr) dPZ(Cose) m B < P?(?ose)
° msor Jue, do A~ Sim
Sin(m¢)
26D h(kr) Rk 1) P_ (Cos®)
¢ mso T Juwe Sinf
B dP™ (Cos8)
+ Sde ] Sin(m¢)
ms

+1 .
H() = S by (k 1) PL(Cose) Sin(mo)

ms jwuer
HON RO PRCos9) By Ry (k1) sz(Cose)]
ms r Sind Ams Jwu .
Sin(m¢)
SO IN b, (k 1) - dP?(Cose) . B o 35(k1r)
¢ ms T de AmS Jup .
Pz(Cose)
—~5ms— 1 Cos(mp)

Egz) =C,, TELEi%J b, (k 1) Py(- Cose) Cos(m)
Jue T

equations (3.45) - (3.48) in equations (3.1) - (3.6) gives the field

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

(3.58)

(3.59)
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L0 he (k1) R (k1) dPl¢ (-Cos9)
6 mt T jws2 ds
D+ P]§(~Cose)
- m Cmt STE ] Cos(m¢) (3.60)
() ht(k?i)_ . R, (k 1) P’Q(-Cosa)
o mt T jw82 Siné
D de(—Cose)
4 It tde ] Sin(me) (3.61)
mt
HGe) = p J—;Cf:%) h (k 7) P{(-Coso) Sin(ms) (3.62)
W h,(k 1) PIE(-COSG)
Hg®" = Cpe T [-m Sing
D. R_(k1) dP'(-Cose)
+ Cmt jiu 2 ge ] Sin(me) (3.63)
mt 2
H(Z) c ht(kzr) [ - dP?(—Cose)
¢ mt T dg
D. R (kr) P"(-Cose)
+m C:; ;C_wuz ' tSine 1 Cos (m¢) (3.64)
2
where
Rk ) =k h' (k1)/h (k 1) (3.65)
and
R(k 1) =k h' (k1)/h (k1) (3.66)

The continuity of tangential Er and Hr at 6 = ee gives, respectively



Ams T Umt

B_ =D

ms mt M, s(s+1) PZCCOSGe) hs(klr)

The continuity of tangential E¢ and

= Y -
P?( Cosee; ht(kgr)

H 1t L‘t"‘l}

hs(klr)

Pﬁ(-Cosee) h (k 1)

(3.67) and (3.68) leads to

¢

u

Y ‘t(t"’l! _
Cmt jwen uz s(s+1) Psmcee) Ptm(ee)

T T t(t+l) ‘
mt [Rs(klr) s(e+D) Rt(kzr)}
and
t(t+1)
R (kr) —=—+¢&-R_({

Cmt _m S( 1 ) s(s+l) t(kzr)
Dmt quz € t 1)

respectively, where

Pen(0) =

2

Sind : dP?(Cose)
)
P?(Cosee) ds 6=6
Sinee : dP?(—Cose)
P?(—Cosee) de 6

t(t+
El' S(s+1) Pen(®) - Pp(O)

©
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(3.67)

(3.68)

H, along with equations

(3.69)

(3.70)

(3.71)

(3.72)

Equating equations (3.69) and (3.70) gives the first characteristic

equation, namely
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©L ot Yoot :
[Ej- ETEII%' Psm®Q) - Ptm(ee)J%;? s%sil Psn®g) -~ Py (0]
2
=2 [R; k1) ;Effl‘ "Rk )]F =0 (3.73)

2
w°e U
2 2

and p H, 1leads to the second

and similarly the centinuity of ¢ E 5

0
characteristic equation

£ t(ta ot
Ryt 0 gt S Pan(®e) - Ry 1) P (03T [R (K 1) s o

€1 1 t(t+1)} =0

) 2,2 -
Pon(8) - Ryl 1) P )] + mPw en - ko) S(s+1).

(3.74)

Equations (3.73) and (3.74) need to be solved simultaneously,
for any large r, to obtain the values of s and t and no exact method is
known in the literature to accomplish this task. Most of the available
methods [Zaguskin, 1961] either fall to converge or have very slow
convergence. The selection of proper roots becomes more complicated due
to the involvement of the functions P2 (cos 8) and P? (-cos 8), both of

which have infinite zeros.

The above two characteristic equations can be reduced to one

equation by enforcing a solution such that

K2 = w?e u - 2 (3.75)
11 r ,
and
k2 = e p - HEL (3.76)



The abové assunmption of making one propagation constant (kc) to
be valid inside and outside the coﬂe provides a satisfactory agreement, as
shown below, with the experimentally observed patterns, Tﬁis assunpticn appears
to hold good for cone lengths With,kzr‘>7 1. For small cone lengths, the di-
electric cone has to be divided into an infinite set of sheets of infinito
esimal thickness dr , for which the solution is exact, and one would
have to derive a general expression for the coupling between the adjacent
sections [Salema, 1972]. This approach is not attempted here since the

cone lengths considered satisfy the condition k r >> 1.
2

It can be easily shown that equations (3.75) and (3.76) after

some manipulations give

‘k2

£
o1y os(stl) | ¢ _ (D) e
e n  t(t+l) . [1 ng:jjﬂ (3.77)
2 2 wie W,

The approximations given by equations (3.75) and (3.76) when

substituted in equations (3.65) and (3.66) give

Rk ) > -k (3.78)

Rek1) » -5k . (3.79)

Using equations (3.77) - (3.79) in equation (3.74) gives the

characteristic equation for the dielectric cone as
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€L t(t+D) Hyot(erl
2 S Pan®0) P15 S Pn09 - Pen®)
m? k2 +
- - c [ - .E%:%.)l] (3.80)
v E21‘{2

The solution of the above equation to obtain the eigenvalues,

s , requires the computation of associated Legendre functions. The
numerical evaluation of the associated Legendre function with negative
argument, to calculate Ptm(ee) , has very slow convergence particularly
for small cone angles due to the logarithmic singularity at ee= 0°.

This difficulty can be circumvented by using the asymptotic expansion

[Salema, 1972]

2im PIE(—Cose ) = A K (/EEFD) tans ) (3.81)
e m e

>
ee o)

where Km is the modified Bessel function of the second kind. With this

approximation the parameter Ptm(ee) is given by

1 -
tanqe Km(/ t(t+1) tan@e)

Cosee Km(/ -t(t+l) tand )
e

(3.82)

P (8) = /-t )

It should be noted that the difference in eigenvalues due to
this approximation was found to be in the fourth significant digit from
the exact value. Therefore, this approximation should not result in any
significant change of either the aperture field distribution or the

radiation pattern.
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It is interesting to note that the approximations given by
equations (3.75) and (3.76) make the eigenvalues of the dielectric

cone as a function of the cone length. The eigenvalues s are

now functions of dielectric constant, relative permeability,

cone angle and cone length. However, as shown in Figures 3.9 and 3;10
the variation in the eigenvalues ﬁith the change in cone lengths is not
very significant. Therefore, the error in making these approximations

is probably small particularly for large dielectric constants of the cone

material (Fig.3.10).

3.3.2 Aperture Field Distribution

The characteristic equation, derived in the prece.ding section)
is used to find the eigenvalue s for a particular mode inside the di-
electric cone. The value of s is a function of the material parameters
i.e. dielectric constant and permesbility as well as the cone angle and
the cone length. Assuming that truncating the cone does not result in
any change of mode behaviour, the aperture field components for a large

cone, satisfying the condition k}ﬁ g_kcﬁ, can be written as

(1) _ s(s+1) m ,
Ep77 = A Toe 22 h (k.2) P_(Cos8) Cos(mp) (3.83)
1
£ h, (k.2) - k. dP2(Cose)
9 ms L WE do

1

mzkC P?(Cose) 5 o
- Sy S Cos(m) (5.84)

we
1
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L6) L, h (kL) : mk_ PI;ICCOSG)
() ms 2 we, Sing
m kC dPg(Cose)
+ = X B 1 Sin(m¢) (3.85)
1
( ) _ m S(S‘l'l) kC ) '
HY = A T X hy(k 1) P?(Cose) Sin(mé) (3.86)
1 1
h (k.2) P"(Cos6) m k2 dP™ (Cos8)
He(l) s =7 I g - X g Cos(m)
w°e uy
11 (3.87)
h (k.2) aP™(Cose)  mk®2 P (Cos6)
Hél) = Ams : 2C [ - 39 T = X SSine ] Sin(mg)
wee y
11 (3.88)
where y ¢ t+1%
- S(s+l
X =5 B b 9y - p. (9) (5-89)
2 U, s(s+I) “sm'e tne

In writing the above equations, the constant Bms has been substituted
in terms of Ams for which use has been made of equations (3.67) - (3.69),
(3.78) and (3.79). For the purpose of computation, it is convenient to

use a slightly modified form of the transverse aperture fields as

0 h_(k_£)

Ee = Ams —g Eec Cos (m¢) (3.90)
h (k)

Ed()l) = Ay S By Sin(ng) (3.91)
ho (k.8)

(Y = A S Hy. Sin(ng) (3.92)
h (k.2

H(jgl) = AmS _.37.(.:.._.)_H¢C Cos(m¢) (3.93)
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where
k. dP™(Cos®) m?k_ P™(Cos®)
E =--C s - Ly Z (3.94)
oc we, de we Sinb
m k Pm(Cose) m k de(Cose)
B, o= —= Sy —Cy S (3.95)
¢C we Sing we, de
P?(Cose) K2 dp‘;‘((:ose)
He = M —~gipg— - M N X L) (3.96)
welul
sz(Cose) mzké PZ(COSG)
H¢c T T T3 X ~SIng (3.97)

w'e u
The aperture fields for a dielectric cone with flare angle 9.5°
and cone length & = 54.6246 cms. are plotted in Figures 3.11 and 3.12.
The dielectric constant used in these computations is 2.28. All amplitudes
are normalized to provide the same gain of the far field radiation pattern.
The actual amplitude of the individual modes depends upon the excitation

efficiency of the mode under consideration.

3.3.3 Mode Excitation Efficiencies

A number of higher order cone modes, in addition to the domin-
ant mode, are generated at the junction of the dielectric cone with the
launcher. The excitation efficiencies of these modes depend upon the
modes in the launcher, electrical lengths of the launcher and the dielec-
tric cone, cone angles of the launcher and the dielectric cone as well

as the dielectric constant of the cone material.

The excitation efficiency, defined as the ratio of the power
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in the particular mode to the incident mode, can be determined by using
the procedure described below. The mode matching procedure used below

is similar to the one given by Clarricoats and Slinn (1967).

Let the fields on the left side of the junction be given by

H
,1 7 “m,n

E‘i , ﬁ\'

i and those on the right side have the components Eﬁ

Matching the tangential field components over the boundary gives

Ans,n En,n (3.98)

Ei 1 +1‘,1 )

H~

!
!

(3.99)

H.(1-T L H
1 ( 1 ) n ms,n m,n
where Pl is the voitage reflection coefficient for the dominant mode in
the conical horn. The above equations have been written under the assum-
ption that the power in the incident field is carried only by one compo-
nent having the azimuthal dependence m. Taking the cross product of the

— -
two equations by Hm 0 and E n respectively and using the orthogonality
2 >

of the modes leads to

A m,n
g o=l oA — (3.160)
’ 1+ 1 J (E xH ) enda
1 A WD m,n
and ' — 3 —
x { xE ) enda
_ i m,n
_ ms,n (3.101)




where n is the unit normal to the junction surface. From equations

(3.100) and (3.101):

~ 2 Em n B_m n
ms,n = :“-‘—L—":‘L— (3.102)
am,n ¥ bm,n
and - _
- a
r -.mn_ “mn (3.103)
1 a— + B

~— — A m’n n,
Tm,n - Ams n ms,n = (3.104)
? ’ > [ (E. xH.) *nda
A .
with the value of the coefficient Kms 1 obtained from Eq. (3.102).
3

Assuming that the power in the conical horn is carried only

by TE mode, the constant _A—ms 0 of the nth mode with unity azimuthal
11

3

dependence in the dielectric cone is given by

h (k a)h'(k a) I I
A ™ 8 S RuETT T e -5 hEarT (3109
....... ms,n sV ¢ 1V 2 VEREY 1 3
where k1 = v e W
Ge _
I1 = r (Eec Hd)c - E¢c Hec) Sind de (3.106)
0
B P?}(Cose) d\};m((:ose)' _
Iz = j [-m -—g‘i'ﬁ-e———Hd)c - —"—(E"‘““"'Hec] Sind db (3.107)
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e k1 dPg(Cose) klm P@(Cbse) :
1 - f [ - Y By * o~ ggme oo Sind @0 (3.108)

and a = length of the conical horn.

The above equations have been obtained by using equations (3.28)
- (3.31) for the fields in the conical horn with a dielectric material

and equations (3.90) - (3.93) for the fields in the dielectric cone.

The variation of the excitation efficiéncies with dielectric
constant for the first three dominant modes are indicated in Fig. 3,13, The
excitation efficiencies of the first two modes decrease with an increase
in the dielectric constant. For the third HE12 mode, there is an increase
in the excitation efficiency with the dielectric constant. However, both
the second and third order modes have constant excitation effieiencies

for relative permittivity greater than 3.0.

The effect of changing the dielectric cone length on the excita-
tion efficiency is shown in Fig. 3.14. The amount of change in excita-
tion efficiency is small for a dielectric constant of 2,5 as compared to
the change for a dielectric constant of 1,1, An increase in dielectric

cone length results in a decrease in excitation efficiencies of the first

two modes and an increase in the third mode. Although the minimum cone
length indicated invFig. 3.14 has the value kzl = 100 , calculations
have alsc been performed for lengths less than this value. Based on these
calculations, the maximum efficiency of the dominant mode occurs around
k22 = 70 , for which value the validity of the approximations is question-

able.
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he effect of varying the conical horn length (kza) and the
cone flare angle (ee) on the excifation efficiencies is small (Figures
3.15 and 3,16) as compared to the effect of cone length ahd the dielectric
constant. The excitation efficiency increases with conical horn length
up to a certain length and then virtually remains constant. An increasé in

cone flare angle results in a small decrease of the excitation efficiencies.

One common feature in all the three Figures 3.14 - 3.16, is
that the amount of variation in excitation efficiency with cone length
(kzz) , conical horn length (kza) , and cone flare angle (ee) decreases
with the dielectric constant. Further investigations are needed to

understand and explain these observations.

3.3.4 Theoretical and Experimental Radiation Patterns

The aperture fields of the dielectric cone, equations (3.90) -
(3.97), with the constant Ams determined from Eq. (3.102) can be used
in Bq. (3.32) to obtain the theoretical radiation patterns of the di-
electric cone antenna. The surface of integration is chosen to be a plane
normal to the z-axis. SO as to correspond with the assembled dielectric cone
(Fig. 3.17). The radiation field components at an observation point

(r*,0',¢') for this choice of surface of integration are as follows:
| .M kzz . ee
Ese' B'59') = -J EEW'GXPC_szr')Ams Cos(mp ") J [-Eec g Cosb
0

_ /e Y1/ 2 v 172
+ E¢c $ CUZ.EZ) Hec § Cos6 Cosb (u2/€2)

, . ; . s =
H¢C £ Cosd'] exp(ja) hS(KCQ Cooee/Cose) Sinf 4%  (3.109)
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k 2 )
.M . . e
ES¢' ®',9") = -j Z%T-exp(—szr')Ams Sin(m¢") J [EeC § Cos6 Cos6'
1]

- : 1 172 172
E¢c £ Cosg!' + (uz/ez). Hec £ Cos® + (uz/ez) H¢c s]
exp(ja) hs(kcz Cosee/Cose) Sine de (3.110)
where
E=J0 W -, @ (5.111)
6 =J._, W + S W) (3.112)
Y = k22 Cos6 CosH' (3.113)
and
o = kzl Sin6 Sind' (3.114)

It should be noted that in writing the above equations the
integration with respect to ¢ has been performed in a closed form and
the reflection from the aperture plane has been neglected. The reflec-
tion coefficients for field components at the aperture plane are derived
in Appendix B. These reflection coefficients are found to be independent
of the variable ¢ and therefore the integration with respect to this
variable can still be performed in a closed form. Taking the reflection

into account modifies the radiation field components as:

k & )
E g ',6") = -i" 4;, exp(-jk, TA Cos(mb") f © [-Egc 1 - Rll)

- 172 - g
£ Cosb + E¢c(1 + Rl? S Cuz/az), Hec(l 3L? § Cosé Cos

- (uz/az)”z chc (1 + RU) g Cost'] exp(jo) h (k_? Cos8/Cos6)

Sin6 d6 (3.115)
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k ¢

0
Bopr (67567 = 3" ghr expCik ry Sinms) [© (B, (1-R )
0

Y 1] 1/ 2 _
§ Cos® Cosh E¢c(l + gl? g CosB!' + (uz/ez), Hec(l Bl?

g Coso + (“2/_82)1‘/2H¢c (1 +R ) ECoso'] exp(jo)

hs(kcz Cosee/Cose) Sing do (3.116)
where
Ve Coso - Ve Coset
R = 2 1 (3.117)
1y € Cose + v e Coset
v e Cost - Ve Coset
R = L 2 (3.118)
L v e, Cosg + v e Cos®,
and
6, = Sin'! (/ e Sine/v €, ) (3.119)

Equations (3.115) and (3.116) have been used to obtain the
theoretical radiation patterns of the assembled cone. The different
parameters of the assembled dielectric cone antenna are shown in Fig.
3.17. The theoretical radiation patterns, using the aperture plane normal
to the z-axis, are plotted in Fig. 3.18 along with the measured radia-
tion patterns. The effect of adding higher order modes with the same

azimuthal dependence is also indicated.

The theoretical E-plane pattern agrees closely with the measured

one up to about 12°. However, the agreement in H-plane patterns is not
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that good. The measured patterns indicate first side lobes around 20°
while the theoretical patterns do not indicate any side lobe up to abdut
30°. The possible reasons for this difference in behaviour may be due to
the assumptions given by equations (3.75), (3.76) and the excitation

of higher order modes in the dielectric waveguide.

To observe the effect of the launcher and the surface waves,
an absorbing material was wrapped around the dielectric cone up to a
few inches from the main aperture. Figure 3.19 shows that the E-plane
radiation patterns of the dielectric cone with and without absorbing
material differ only in the side lobes beyond 25°. This indicates that
the launcher and the surface waves (if excited) affect only the far
oxt side lobes in the E-plaﬁe. However, the H-plane pattern was found
to be not appreciably affected by the radiation from the launcher and
the surface waves. Since there is no appreciable difference in the
radiation patterns with and without absqrbing material arcund 10°,
this should indicate that the surface waves are either not excited
at all or if excited have very small amplitudes. However, a further

investigation of the discrepancies is warranted.

The experimental radiation patterns have also been observed
at frequencies higher than 8.5 GHZ and the best operating frequency, from
the point of first side lobe level less than 20 dB, is 10.2 GHZ (Fig. 3.20).

This is probably due to the excitation of dual modes in the circular
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waveguide with the dielectric material,

3.4 SUMMARY AND DISCUSSION

This chapter has presented a brief description of different types
of feeds used for reflector antennas, Among the various possible feeds
the horn antenna has enjoyed the most popularity mainly due to the rugged-
ness, simplicity of design and construction; low side lobe level and low

cross-polarization component,

The conical horn antenna, in the present case, is being used
as a launcher for the dielectric cone feeds to the main reflector., The
analysis of the conical horn antenna shows a good agreement of the
theoretical radiation patterns with the measured patterns. However,
the agreement of the theoretical radiation patterns for the dielectric
cone antenna with the measured patterns is not very good, This may
be due to the approximation made in developing the characteristic
equation as well as the excitation efficiencies determination. This

requires a further investigation of the dielectric cone antenna.

The mode representation of the dielectric cone antenna is
utilized in the next two chapters to evaluate the performance of the

reflector antennas using dielectric cone feed.



CHAPTER IV

ANTENNAS WITH MODIFIED DIELECTRIC

CONE FEED
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4.1 INTRODUCTICN

The use of low permittivity dielectric cone to reduce the spill-
over in a Cassegrain antenna, as shown in Fig. 4.1, was first proposed -
by Bartlett and Moseley (1966). In this proposal, the dielectric guiding
structure (Dielguide) placed between the primary feed and the subreflec-
tor utilizes the phenomenon of total internal reflection to reduce the
spillover. The use of dielectric cone in this manner not only reduces
the spillover but also removes the support structure blockage which, as
shown in Chapter II, can be a source of reduction in efficiency for the
Cassegrain antenna. The interest in these "dielguides' has persisted
since its amnouncement [Bartlett and Pietsch, 1968; Bartlett and Moseley,
1969; Bartlett, 1971]. The basic advantage of spillover reduction in the
dielguides was only demonstrated on the basis of ray-optics concepts
[Bartlett and Moseley, 1966]. In this paper it was demonstrated how some
of the radiation from the feed horn which misses the metallic subreflector
in the absence of the dielectric cone arrives there in its presence owing
to the total internal reflection at the dielecfric—air boundary (Fig. 4.1).
No consideration was given to the field excitation and propagation in the
dielectric cone. An approximate theory was iater on proposed [Clarricoats
and Salema, 1971] to explain the propagation and radiation characteristics
of conical dielectric waveguides of narrow flare angles. In this study
the dielectric cone antennas, employing conical horns, were shown
to have the characteristics resembling closely those of the corrugated

horns [Clarricoats and Salema, 1973].



93

Main Parabolic Reflector

— —~ Ray in the

- absence of
- Dielectric
o - Cone
- b_
o

Hyperbolic
Subreflector

Dielectric Cone

Feed

Fig. 4.1 Dielectric cone feed reflector antenna



w

In the Céssegrain antenna employing a dielectric cone feed, the
dielectric cene is inserted betweeﬁ the subreflector and the launcher.
Fixing the subreflector to the dielectric cone proved to be a difficult
practical problem [Salema, 1972] in the initial stages. This was.due to
the weight of the machined subreflector, the requirements of accurate
centering and the alignment of the dielectric cone and the subreflector
axes [Salema, 1972]. These problems can theoretically be circumvented
by replacing the subreflector with a shaped dielectric surface. The
theoretical feasibility of replacing the subreflector has already been

indicated | Chugh and Shafai, 19763 Shafai and Chugh, 1976] .

The present chapter provides the design and analysis of the
dielectric cone antenna in which the fabricated plastic foam subreflector
is replaced with the shaped dielectric surface. The theoretical radia-
tion patterns of the antennas employing a modified dielectric cone feed

will also be presented.

4.2 DESIGN OF THE SHAPED REFLECTING SURFACE

The design procedure for shaping the dielectric surface, in-
stead of a polished or metallic subreflector, uses analytical expressions
of geometrical optics principles. For the modified dielectric cone to
act as a feed to a reflector, any ray incident on the shaped surface S
from the launcher must be totally internally reflected at the surface S
(Fig. 4.2). Thus, the angle of the incident ray with the surface norral
0 ic should be greater than or equal to the critical angle [Born and

Wolf, 1964]. From the Snell's law of reflection, the critical angle is
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a function of the dielectric constants of the two media at the interface.
With one of the media being air and the incident wave passing from a

medium of relative permittivity e the critical angle ec 1s given by

0 = Sin‘1(1.0//‘51) (4.1)

Since the angle enic has to be greater than or equal to the

critical angle, let angle enic be expressed as
=8 + Kp (4'2)

where © is the angle of the incident ray at the phase centre and K

1s some positive constant.

Snell's law of reflection along with the geometry shown in Fig.
4.2 gives

_ B+

nic - Pnre © (_7_ 4.3)

where B and enr are the angles of the reflected ray with the horizon-

C
tal axis and the surface normal, respectively. If 21 is the length of
the ray from the phase centre to the point P on the surface, then using
equation (4.2) and (4.3) the differential equation for the shaped surface

S 1s given by

d&

1 g+6
2 dsé tan ( 2 )
1

= tan (6, + KO) (4.4)
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or
Cos(l/K) eC

% =H (4.5)

v cos™M e+ ko)
where H is the distance of the surface S from the phase centre for
& =0 . It is observed from Eq. (4.5) that the surface curvature is a
function of the relative permittivity of the cone medium as well as the

constant K.

The suitability range for the constant K can be determined
by imposing the restriction that the reflected ray from the shaped sur-
face S when incident on the dielectric cone boundary is not totally in-
ternally reflected. This essentially means that the angle enie of the

ray PQ with the edge normal should be less than ec , the critical angle.

From Fig. 4.2, this condition requires that
90°%- ee -6.<8B (4.6)

where O is the cone flare angle. The second condition which also needs
to be satisfied is that the transmitted rays from the cone edge should

be going in the backward direction for the structure to act as a feed to
the main reflector. From Fig. 4.2, the angle of the transmitted ray with
horizontal axis is given by

fo] _ . -1 -
y = 90°- @, - Sin (VFE; 8ind_; ) (4.7

S

Assuming that the maximum value of the angle vy 1s along
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the edge normal, the range for B is

90°-6_-6_<B < 90°-86 (4.8)

or

[} [}
90°- 6, - 6, < 20_ + (2K-1) 8 < 90°- 8 (4.9)

The above equation when satisfied for angle © being equal to zero gives
the maximum and minimum permissible values of the dielectric constant
for a given cone angle. Some values for the range of permissible dielec-
tric constants are presented in Table 4.1 for different cone angles.

Equation (4.9) when satisfied for 6 = 6_ provides the permis-

e
sible values for the constant K. However it should be noted that the

minimum possible value for K is either zero or the one provided by Eq.
(4.9) whichever is greater. Table 4.2 gives the permissible values of

K for a cone flare angle of 5°.

The shape variations of the surface S with K for a constant
value of relative permittivity are shown in Fig. 4.3. The shape is
convex towards the y-axis for K 1less than one and for K = 1 the
slope is constant. For values greater than K = 1 , the slope of the

surface is convex towards the x-axis.

The surface curvature for K = 1 is a straight line (Fig. 4.4)
with a slope given by the cotangent of the critical angle. The x-axis
(zero slope) corresponds to a relative permittivity of one and y-axis

corresponds to an infinite relative permittivity. With the medium surround-



Table

4.1

MaXimum and Minimum Permissible Values of

Relative Permittivity

ee € minimum Cmaximum
5.00 2.19095 4.43960
10.00 2.42028 4.,96473
15.00 2.69840 5.59891
20.00 3.03961 6.37433
25.00 3.46391 7.33605
30.00 4.00000 8.54863
Table 4.2

Permissible Values of K for Cone Flare Angle = 5°

€ Calculated Kmin Pergi?sible Kmax
min
2.2 -3.71761 0.0 0.52159
2.5 -2.76946 0.0 1.15370
3.0 -1.,57932 0.0 1.94712
3.5 -0.69346 0.0 2.53769
4.0 0.0 0.0 3.0000
4.4 0.45836 0.45836 3.3055
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Z

Fig. 4.4 Variation of surface curvature as a function of
relative permittivity for K = 1.
The origin for these curvatures is shifted to z = H.
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ing the dielectric cone being air, the values of relative permittivity
less than one are not allowed [Sommerfeld, 1964] due to the requirement of

a denser incident medium for the total internal reflection.

The variation of the surface curvature with relative permittivity,
for very small X, is shown in Fig. 4.5. The shaped surface has a behaviour
of shifting towards the y-axis with an increase in relative permittivity,

similar to the case for X = 1.

Among the permissible values of X, two values corresponding to
K=1.0and K = 0,5 give simple shapes for the subreflector and main refle-
ctor, respectively. The subreflector for K = 1 is a cone with flare angle
given by 90°- ec, wherefec is the critical angle, For K = 0.5, the angle y
of the transmitted rays from the cone edge is independent of the incident
angle and all the transmitted rays are hence parallel to each other. There-
fore the most appropriate choice for the main reflector corresponding to
K = 0.5 is the conical reflector. A conical main reflector with a shaped
surface corresponding to K = 0.5 gives a constant path length for all the
rays from the phase centre to the aperture plane. The reflecting system con-

sisting of conical main reflector is analyzed in the following section.

4.3 ANALYSIS OF CONICAL REFLECTOR WITH MODIFIED DIELECTRIC CONE FEED

The radiation pattern analysis of a reflector antenna using the
modified dielectric cone feed of the last section may be performed by using

either the scalar diffraction theory of Kirchhoff and Helmholtz [Rusch
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and Potter, 1970] or the vector Kirchhoff diffraction integrals [Rusch
and Potter, 1970]. The scalar diffraction theory gives good results in
the near side lobes when the field over the aperture is linearly polar-
ized [Silver, 1949], and the contribution of the edge effects can be neg-
lected [Rusch and Potter, 1970]. However, for the modified dielectric
cone feed, the total internal reflection at the shaped surface results

in phase changes of the reflected field components [Born and Wolf, 1964].
These phase changes of the reflected field components are not equal for
the components parallel and perpendicular to the plane of incidence.
Therefore, an analysis of the reflector antennas with modified dielectric
cone feed, based on scalar diffraction theory, may not provide much use-
ful information. Based on these reasons, the radiation pattern analysis
is performed in the following sections using vector Kirchhoff diffraction

integrals.

The vector Kirchhoff diffraction integral formulation usage
again has two possibilities of either using aperture fields or the current
distributions on the reflector. However, for the reflector antennas,
the physical-optics induced current method is more accurate than the aper-
ture field method because it includes the effects of axially directed
reflector currents [Rusch and Potter, 1970]. It should be noted, however,
that both the approaches provide identical results near the reflector axis
and the physical-optics method does not accurately represent the field
in the backward directions. Since the attention in the present analysis
is restricted to the forward direction radiation patterns, it is felt that

the physical-optics method is a more appropriate choice.
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The determination of the incident fields at the conical main
reflector with modified dielectric cone feed may, for convenience, be
divided into two parts, namely

1) ‘the evaluation of the field components for the spherical

hybrid modes propagating inside the dielectric cone,
and 2) the determination of the fields at the main reflector using

geometrical optics principles.

The spherical hybrid modes propagating inside the dielectric
cone are evaluated by using the procedure given in Chapter III. The
details for evaluating the fields incident on the conical reflector and
the aperture fields, from the spherical hybrid modes, are presented in
the first subsection. The fields thus evaluated are utilized in the vec-
tor Kirchhoff diffraction integral with physical-optics approximation to
obtain the theoretical radiation patterns. The details for the radiation

pattern calculations are presented in the second subsection.

4.3.1 Aperture Field Distribution for a Conical Reflector

The approximate solution of Chapter III, for the modes in the
dielectric cone, is used to determine the incident fields at the shaped
reflecting surface. The eigenvalue for these incident fields is a func-
tion of the cone angle, relative permittivity of the cone material and
the length of the dielectric cone. These parameters are fixed according
to the considerations on the availability of the launcher, type of the
dielectric material available and the diameter of the shaped surface. The

length of the dielectric cone, to be used for the calculation of the
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eigenvalue, can for simplicity be taken as the length corresponding to
zero angle. The variation in the cone length at different cone angles
should not result in any appreciable error due to the small variation in

eigenvalues with the cone length (Fig. 3.10).

The incident field at the shaped surface, from equations (3.90)

- (3.93) along with the far field approximation, has the field components

given by

E _ s s -i k. %) E, Cos(mp) (4.10)
Foi 21 j exp(-j ¢ ¥ Bge 0s (m¢ .

B ms st ol %) E._ Sin( @D
$i 'Q'I—J eXp( J c 7y ¢c in(m¢) .

H. = fns s -5 k_ %) H,_ Sin(m (4.12)
01 = *@:‘J exp(-] k. 1) g Sin(me) .

H,. = fns jsm1 (-5 k_ 2 ) H,_ Cos(m (4.13)
oi =% ) exp(-J k. l) sc os (md) .

where 21 is the path length of the incident ray from the phase centre;

E and H are the variables given by equations (3.94) - (3.97).

6c? E¢c’ Hec ol

For the above fields, if attention is restricted only to the dominant

mode, the factor Ams jS+1

can be dropped. However, to add the con-
_tribution of higher order modes, the evaluation of the constant A.ms ,
using the procedure given in Section 3.3.3, requires a knowledge about
the type and the length of the lawncher. The analysis presented in the

subsequent paragraphs has been restricted only to the dominant mode in

the dielectric cone. The main reason for this is to draw some qualitative
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conclusions on the ¢eneral performance of the overall antenna system.

The incident field at the shaped surface undergoes a total in-
ternal reflection. The magnitude of the reflection coefficients for
the field components, parallel and perpendicular to the plane of incidence
is unity. However, the total intermal reflection results in different
phase changes for the components parallel and perpendicular to the plane
of incidence [Born and Wolf, 1964], thus providing a relative phase dif-
ference between the two components. The calculation of the phase change
on electric and magnetic field components can be simplified by assuming
the constant kC to be approximately equal to the constant k_1 . With
this approximation the incident field components, dropping the constant
.S+1

A re given
s J , are g as

By, = %—;exp(-j k 2) Eg. Cos(m) (4.14)
E,; = %? exp(- K 2) By Sin(me) (4.15)
H, = - (51/”1)1/2 EM' (4.16)
Hyi = (El/ul)”"" Egs (4.17)

where EeC and E¢c are given by equations (3.94) and (3.95), respectively.

By making the above approximaticn, the hybrid modes behave like spherical

waves which, for distances far from origin, are plane waves.

As shown in Appendix B, Ee and E, components of the electric

¢
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field undergo changes corresponding to the parallel and perpendicular
formulae, respectively. Therefore, the reflected field from the shaped

surface has the electric field components given by

Eer = Eei exp(-j 611) (4.18)

Byr = By @0(-3 8) (4.19)

where from Born and Wolf (1964),

. /(Sin?eniC - 82/81)

§ =2 tan [ 1 (4.20)
11 (82/81) Cos enic
/(Sin26_. - (e /e )
- -1 nic 2 1

§L =2 tan [ To5 enic ] (4.21)

with enic = Angle of the incident ray with normal to the shaped
surface = (ec +6/2.0)
€ and e, = the dielectric constants of the cone medium and surround-

ing medium respectively.

The reflected ray from the shaped surface, corresponding to K = 0.5,

at the point with coordinates (Fig. 4.6)

= H CoszeC Sind Secz(eC + 6/2) (4.22)

©
|

and

N
|

=H COSZBCCOSG Secz(ec + 08/2) (4.23)



is incident on

p =

T2
and

Z =

2
where

4 =

e =

e
and GC =

Therefore, the

fie

E¢ie
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the cone edge at the point with coordinates

2H Sing  Cosec (26 + ee) C0526C tan(o_ + 8/2) (4.24)

2H Cos@ Cosec (20_ + ©6) CoszeC tan(e_ + 6/2) (4.25)

cone length at 6 = 0° ,

cone flare angle,

critical angle for the dielectric material of dielectric
constant € surrounded by a medium of dielectric

constant € .
2

incident field at the cone edge is given as

n

Eer exp(-j k1 22) (4.26)

E¢r exp(-j k1 22) (4.27)

where from equations (4.22) - (4.25) ,

L =
2

2 2 . _
H Cos ec Sec (ec + 8/2) Sln(ee 9) Cosec(zeC + ee) (4.28)

The transmitted field from the cone edge has the form

ote

dte

=E_ . .2
Eele T11 (4.29)

E¢ie ?L (4.30)
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where from equations (B.45) and (B.46)

2 /& Cos 6 o
T = 1 ni (4.31)
1
/E: Cos 6 . * /E: Cos 8 .

2 Y& Cos O ic
Tj_ = 1 (4.32)
/E: Cos 050 * /E; Cos O te

with

_ o _ _
650 = 90° - 8, - 26 (4.33)

and

)1 . (4.34)

D
]

. -1 .
ate = Sin [(/E:Y/E:) Sin(e_;

It should be noted from Eq. (4.33) that all the transmitted rays from the
cone edge for different angles of incidence are parallel to each other.
The transmitted field from the cone edge is incident on the main conical

reflector at the point with coordinates (Fig. 4.6)

o =C tan(®. +6/2) +C (4.35)
3 1 c 2
and
z, =P, tan(y/2) + H' (4.36)
where
C1 = 2H C0526C Sin(e, + y) Cosec (26 + ©6) (4.37)
C2 = - H' Sin v (4.38)
H' = distance of the conical reflector from the origin along
z-axis
and y = 90°-9_ -6 (4.39)

e nte
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Therefore, the incident field at the main conical reflector is given as

Eeim = Eeie T11 exp(-j k2 Ka) (4.40)

E E .e'?L exp(-j kz £3) (4.41)

¢im $1

vwhere from equations (4.24), (4.25), (4.35) and (4.36)

23 = 2H CoszeC Cos(ee + v/2) Sec(y/2) Cosec(26_ + ©_)
tan(eC +0/2) - H (4.42)
Substituting for E and E interms of incident field at the shaped

fie pie
surface, the incident fields at the main reflector are written as

1
E,. = 7 -
oim 21 EeC T11 exp [ 3(511 + k121 + klzz + kzls)]
Cos (m¢) (4.43)
1 .
E . = =— T. - -
im 2 E¢c exp[-j(§ + klkl + k122 + kzla)]

1

Sin (m¢) (4.44)

and the fields at the main aperture are given by

tr
1

&ra
tr

= T 3
A 8c 11 exp| J(611 ¥ k12'1 ¥ klgz ¥ kzza * kzgu)]

Cos (m¢) (4.45)



113

where from Fig. 4.6

24 = H" - H' Cosy - 2H COSZGC Sin(6,+y) tan(y/2)

Cosec(28C+ee) tan(ec+e/2) (4.47)

with H" being the distance of the aperture plane from the
origin along the z-axis. It should be noted that in writing
equations (4.45) and (4.46) use has been made of the reflec-
tion coefficients from the perfectly conducting surface for
the parallel and perpendicular components. After some simple
trignometric manipulations, it is found that the path length
terms in the exponentials of equations (4.45) and (4.46) are
independent of the angle of incidence on the shaped surface,

i.e.,
exp[—j(klﬁt1 + k122 + kzza + kzﬁq)]
- _s 2 .
= exp[-j k2(2H Cos GC/SlneC
+ H" - 2H' Cos?y/2)] (4.48)

Therefore, the aperture of the main reflector has a phase

variation which is not equal for the E and E components,

6 ¢

due to the phase change introduced by the total internal re-

flection at the shaped dielectric surface.
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The normalized E-plane aperture distributions for conical re-
flectors with modified dielectric cone feeds corresponding to cone flare
angles of 5°, 10° and 15° are shown in Fig. 4.7. The conical reflectors
have their corners coincident with the dielectric cone apex and the re-
lative permittivity of the cone material in all cases is 3.0. The cor-
responding H-plane distributions are shown in Fig. 4.8. It is evident
from these figures that the taper level at the cone edge increases with
an increase in the cone angle, thus indicating a reduction in spillover
loss with an increase in cone flare angle. The other observation which
can be made from these figures is that the phase variation for the Be

component is, in general, greater than that for the E¢ component.

The effect of changing the dielectric constant of the cone mat-
erial, for a fixed cone flare angle, is indicated in Figures 4.9 and 4.10
for the E-plane and the H-plane distributions, respectively. An increase
in dielectric constant increases the taper level thus reducing the spill-

over loss.

4,3,2 Theoretical Radiation Patterns of a Conical Reflector With

Modified Dielectric Cone Feed

Consider a conical reflector fed by a dielectric cone with a
shaped reflecting surface corresponding to K = 0.5. The transmitted
rays from the cone edge of this feed are parallel to each other and make
an angle vy , given by Eq. (4.39), with the z-axis. A conical reflector
placed in the path of these rays at angle 90°- y/2 will result in the

reflected rays parallel to the z-axis. The apex of this conical reflector
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for simplicity, will be taken to be coincident with the apex of the di-
electric cone. The normal vector to this conical reflector is then given

as

n= - Sin(y/2) Cos¢ Ex - Sin(y/2) Sin¢ Ey + Cos(y/2) EZ (4.49)

The incident magnetic field on the conical main reflector in the rectangu-

lar coordinates is given as [Spiegel, 1959]

I =- [

im - Cosy Cos¢ + H im Sind] ay

0i )

- [Heim Cosy Sing - H¢im Coso] ay
- Heim Siny a, (4.50)
where
= _ 1/ 2
Heim (ez/uz) Eq)im (4.51)
) _ 1/2
H¢j1n (ez/uz) Eeim (4.52)

with e WU, being the material parameters of the surrounding medium;

and E E..  being the incident field components given by equations

fim’ T¢im
(4.43) and (4.44), respectively. Using equations (4.49) and (4.50), the

induced current on the conical reflector is given by

TS = Z[Heim Sin - Hd)im Cos®] Cos(v/2) Ex

-2[Hgs Cos¢ + chim Sin¢] Cos(Y/2) ?a‘y

-2 Hy, - Sin(y/2) ?a‘Z (4.53)

(0%}
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which when substituted in the vector diffraction integral [Rusch and

Potter, 1970]

-jwu et _ - o
Eg(e',¢') = ——2 ¢ Jker f [J.-@. -2 )a,l]

4nr' S S " r
. . S
©exp(j k 0 ‘a“r_,) ds (4.54)
gives
Jou e (Pomax (27 _
Ese,(e',¢') = - zﬂé,e Jx2T J smax j [Heim Cos6' Sin(¢-¢')
pgmin 0

- H .m_Cose' Cos(¢-¢') - H,._ Sind' tan(y/2)]

o1 $im
~expjo + ¥ Cos(¢-¢")] o do_ ¢ (4.55)
qu _'k 1 p 2T
B y(8,07) = - ke ker! [Tomax [-Hy. Cos(6-0")
p_.
smin
- Hyjp Sin(6-6")1 expljo + ju Cos(¢-0")]
o, dp3 do (4.56)
where o = kzr Cos6 Cos6' = kzz3 Cos®'
Y= kzr Sinf Sin6' = k203 Sing!'
(r''e',¢') = spherical coordinates for the observation point, and

(o ,4,z ) = cylindrical coordinates for the point on the conical reflec-
3 3
tor. The numerical evaluation of the above integrals can be simplified

by substituting the closed form expressions for the integration with
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respect to ¢ variable. Performing the integration with respect to ¢

after substituting for H and H

84m $im from equations (4.51), (4.52)

(4.43) and (4.44) results in the radiation field components given as

6
E 14ty = € r_ T s 1 _ s
Se,(e ,01) C J [ E¢c l.exp( J@l? CosB' § Eec T11 exp( 3611)

0

] - 3 - 3 1
Cosb't - 2j Eec T11 exp( 3611) Sind tan(y/Z).%n(w)]

exp[jla -k 2 -k -ka)] tan(o, + 0/2) do
(4.57)

0
roary = e . .
Egpr(07507) = C j [*Bye T, ex0(-38 )& + B, T ~exp(-36 )é]

0

exp[j(ao -~k 2 -k 8 -k&)] tan(6_ + 6/2) do
11 12 2 3 C

(4.58)
where C= —jm'k2 H C0526C Sinz(ee+y) Cosec2(26C + ee)
exp(-j kzr')/r'
§=J W +J ., W@
and g=J, W -J.,. W

It should be noted that in writing the above equations, the parameters

P, and 21 have been substituted from equations (4.35), (4.22) and (4.23).
The above equations are used to calculate the radiation patterns

for the conical ‘reflectors with modified dielectric cone feed. The radia-

tion patterns shown in Figures 4.11 - 4.14 correspond to the cases whose
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aperture distributions are shown in Figures 4.7 - 4.10. The radiation
patterns have been checked by using aperture field method and the differ-

ence in the values was found to be not very significant.

These radiation patterns, in general, as shown in Figures 4.11 -
4.14 do not have the maximum for 6 = 0 . This has been found to be re-
sulting from the phase differences in the two components of the magnetic
field. This behaviour disappears i.e., the maximum shifts to the main
axis, by making any one of the magnetic field components go to zero.
This may possibly be achieved by exciting a number of modes in the di-
electric cone. However, it should be noted that this requires a further
investigation about the behaviour of different modes and the ways to con-

trol these modes to make one of the components equal to zero.

As shown in Figures 4.11 - 4.14, the first maximum may be reduced
by either increasing the cone angle or increasing the dielectric constant
of the cone material. However, it should be noted that increasing the
dielectric constant of the cone material results in a decrease of the
dominant mode excitation efficiency and an increase in the loss at the
cone edge due to reflection. Further details for this loss due to reflec-

tion are given in Chapter V.

One common feature in all the radiation patterns is a higher
level of the second and third side lobes. This seems to be due to the
phase errors in the aperture plane and a higher value of the ratio
/o . Based on the uniform amplitude and phase distribution in

3Max
a circular aperture, it is shown by Silver (1949) that an increase in the

psmin

/P results in higher side lobe levels.

ratio P__.
smin’  smax



4.4 SU+ARY AND CONCLUSTONS

The design of the shaped reflecting surface of the dielectric
cone has been obtained by assuming the angle of the incident ray with
the surface normal to be a linear function of the incident angle. The
reason for selecting the constant part of the normal angle equal to the
critical angle is to have a total internal reflection at the shaped sur-
face, so that the modified dielectric cone acts as a feed to the reflec-
tor antenna. Among the different values of the slope, for the shaped
surface, two values were found to be of particular interest. The slope
of wnity gives a conical shaped surface and a slope of C.5 gives all

the internally reflected rays parallel to each other.

The analysis of the shaped surface corresponding to a slope of
0.5 and conical main reflector has been presented in some detail. Some

of the conclusions drawn from this investigation are as follows:

1) The total internal feflection at the shaped surface results
in nonlinear differential phase. errors between orthogonal E components
of the internally reflected fields, thus providing a relative phase
difference between the two orthogonal Componénts in the aperture
plane,

7) Although the path length of the incident rays at different
angles of incidence is constant up to the aperture of the conical reflec-
tor, the phase differences introduced due to total internal reflection re-
sult in phase errors of the aperture fields.

3) The radiation patterns of the conical reflector with a

modified dielectric cone feed, in general, do not have the maximm at
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8 = 0. The level of this first maximum may be decreased by increasing

the cone angle, increasing the dielectric constant of the cone material,

or making one of the components of the incident field go to zero. In

general, for excellent radiation characteristics an alternative launcher

may be designed, so that it compensates for the resulting phase variations.
4) The radiation patterns of the conical reflector indicate

a higher level for the second and third side lobes. The higher levels

of the side lobes may be due to the phase errors in the aperture plane

and a higher value of the ratio 0. mi /o (Fig. 4.6).

in’ " ymax
5) A large value of the ratio psmin/pgmax results in a larger
portion of the conical reflector not being used. Making the shaped sur-
face diameter equal to the minimum diameter of the main reflector results
in a wide beam antenna. The possibility of putting many conical reflec-

tors to decrease this ratio gives path length errors in the aperture

plane and leads to the complexity of feed shaping,

From the above discussion it is clear that with assumed dielectric
cone feeds the resulting phase errors and higher side lobes make the an-
tenna system an impractical solution. It seems that a useful antenna system
with acceptable aperture phase distribution can only be obtained by alter-
native launcher systems with a matched phase and amplitude distributions
to compensate for the resulting phase errors. No attempt is made in this
thesis to study the design of such feed systems. Instead attention is
changed from assuming a specific relation for the angle of the incident
ray with the shaped surface normal to the possibility of designing for
any arbitrary amplitude and phase distributions. The details of this

design are presented in the next chapter.



CHAPTER V

DESIGN OF DIELECTRIC CONE FEED ANTENNAS

FOR ARBITRARY APERTURE DISTRIBUTION




