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( R. Appukuttan Nair, 'Radiation Characteristics of Certain
Dielectric Loaded Microwave Antennas', Ph.D. Thesis,
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University of Roorkee, February 1978,

Guides and Supervisors : Dr. A.K. Kamal, Professor and Head,
Beptember 1975 to Pebruary 1978, and Dr. 5.¢. Gupta,
Professor, September 1975 to August 1977).

The widespread application of paraboloidal reflector
antennas in microwave communication, radar and radio astronomy
has stimilated considerable interest in the development of
physically small improved feed systems which will have high
directivity,low sidelobes and a multiple beam facility. This
work comprises of a detailed theoretical and experimental
investigations into the radiation characteristics of some
improved primary feeds, with greater directivity, increased
on-axis gain and low sidelobes, for reflector antennas. The
development of these new feed systems are based on the
property of dielectric materials in improving the performance

of conventional microwave antennas.

The radiation behaviour of a wide angle conical horn

with a homogeneous dielectric sphere infront of its aperture
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has been investigated on the basis of the Scattering super -
position technique. Results show that the system will have
patterns with greater directivity and low sidelobes as compared
with conventional conical horns of the same dimensions.
Analysis of the fields in the dielectric coated conical horn

is presented using spherical hybrid modes. Dielectric coating
is seen to increase the pattern directivity at the cost of
sidelobe level. Dielectric sphere loading in front of the
radiating coated conical horn aperture is established to
contribute greater directivity,higher on-axis gain and low
sidelobes in addition to a variable beamwidth facility. A
conical horn with a helical boundary is analysed using
spherical hybrid modes and is shown to have desirable radiation
characteristics to offer itself for applications in satellite
comminications. The technique of dielectric sphere loading

is successfully applied to improve the helical horn pattern
directivity with higher gain and low sidelobes. Dielectric
coating on the Biconical horn walls has been treated to improve
its pattern with a significant increase in its vertical pattern

directivity.

The effect of placing dielectric spheres in the
vicinity of radiating corrugated E -plane sectoral horn and
corrugated conical horn has been investigated on the basis of

scattering theory approach. Sphere loading is seen to narrow
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the - 3 dB beamwidths. The sphere-loaded systems also
bossess greater on axis gain, low sideloves and a multiple

beam facility.

Dielectric loaded E -plane sectoral horn is

analysed and is shown to have increased directivity at the
cost of slight deterioration in sidelobe levels. Dielectric
spheres off-set in front of the radiating dielectric loaded
E- plane sectoral horn aperture is found to be a variable
beam feed system with greater on-axis gain, narrow beamwidth
and low sidelobes. A dielectric loaded H -plane sectoral
horn with a c¢ylindrical aperture has been discussed to prove
its ability to be an efficient reflector feed for greater

directivity and low sidelobes.

A multimode dielectric loaded rectangular horn

operating in two orthogonal TE +TE/TM12 and TE +TE/TM21

10 01
mode sets to generate a circularly polarised elliptical
beam is analysed. The antenna is seen to have fairly good
directivity, on-axis gain and low sidelobes, with a nearly
unity polarization axial ratio, over a wide frequency range.
A technique of pattern shaping for monopulse radar antennas,
by combining a controlled amount of higher order modes in

dielectric loaded rectangular horn is also developed from

a known throat excitation.

Finally, some suggestions are made for further work

in this field.



CHAPTER I

INTRODUCTION AND STATEMENT OF THE PROBLEM
1.1 INTRODUCTION

The choice of microwave frequencies, on account
of their increased bandwidth and ability to use high gain
directive antennas, in communications, radar, astronomy
and other fields has stimulated considerable interest in
the development of efficient microwave antennas. Many
different forms of microwave antennas are in practice,
the most commonly used type being the horn antennas.

Electromagnetic horns in general are characterised
by their ability to effect a transition from a medium
supporting a small number of propagating modes, such as
a waveguide, to one supporting a large or infinite number
of modes, such as free space. They represent another means
of approximating the ideal wavefront needed for good
directivity, with the additional advantage of being able

to accommodate an exceptionally broad band of frequencies,

The main characteristics of horn antennas are
radiation pattern directivity, gain, polarization and

bandwidth.

High directivity can be obtained from horn radiators

only if the horn is very long or if some means of correcting



the phase error due to spherical wave in the horn aperture
is provided. An alternative to a lens [27],[38] for this
purpose is the use of a reflecting surface - the most
widely used reflecting surface being parabolic - whose
focal point lies at the apex of the horn. Reflector
antennas [57]}[90] now form the largest class of antennas

used in microwave communications, radar and radio astronomy.

Pencil beams are most widely used in point to point
communications since this pattern yields the highest axial
gain., In terrestrial applications the beam is usually
fixed whereas in satellite communication applications the
up-link beam may require to be steered. Antennas for space
craft, radar and broadcast may require shaped beams which
transmit substantial power over a wide angle and in the
first case the need for multiple spot beams is also being
considered., In general, for antennas meant for use in ground
stations for space communication purposes the usual
requirements, on account of very low signal level, are very
high gain and low antenna noise., Of the several factors
responsible for the contribution of antenna noise is the
feed pattern through spill-over radiation from ground.

An excellent method of achieving high gain with mch
reduced effect of feed pattern is to use the cassegrain

antenna[34]’[35],[ll6]’ [140] , system which, however, has



a disadvantage of causing aperture blockage due to sub-
reflector. This disadvantage of aperture blockage due

to sub-reflector of a cassegrain system can be eliminated
by using off-set feed techniques [55],[114],[117],[118]-
The cassegrain type despite the aperture blockage appears
to be widely accepted for current and future space
applications because of its further advantage of providing
large bandwidth with scanning facility. Paraboloid
[39],[53],[62],[123] is the most commonly used reflector
tjpe because this produces high gain pencil beam with
guite low sidelobes when fed efficiently from the focal

point.

Another important characteristic of horn radiators
for most applications is sidelobe level. It is important
in antenna range, and standard gain applications because
of multiple path considerations. In reflector illuminator
applications it is important because of main beam efficiency
and spurious wide@ngle radiation effects. For the latter
application, electric - and magnetic—plane phase centre
coincidence is also of importance. For many applications
[3] equality of principal plane beamwidths is an important

tnird consideration.

Thus the ideal feed horn for paraboloidal reflectors

for many space applications is one which combines high



gain, low spill-over, nearly uniform aperture illumination,
equal B- and H -planc patterns, wide frequency bandwidth

as well as providing a well defined center of phase, Hence,
with the advent of cassegrain antenna systems incorporating
large paraboloidal reflectors for many space applications,
it has become inevitable to develop improved primery feeds
that will have greater directivity, high gain, low sidelobes
as well as a variable beamwidth facility in addition to

the polarigation and phase centre requirements.

1.2 STATEMENT OF THE PROBLE!M

This dissertation is concerned with the development
of some new improved feed systems that will have increased
directivity, greater on—axis gain and reduced sidelobe
levels, for large paraboloidal reflectors for many
applicaticns. The possibility of providing a wvariable
beamwidth facility for the improved feed systems is also
considered, The improvement of axial directivity and
on-axis gain is aimed at by the technique of dielectric
loading, particularly on the horn walls. The reduction
of sidelobe levels as well as a facility for variable
beamwidth is investigated by dielectric sphere mounting
over the horn aperture at an off-set position. Specifically

the problems in this thesis can be stated as follows.
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To increase the directivity of conventional horns

by the use of dielectric materials. Gonical horn,
biconical horn, B —plane sectoral horn, and H -plane
sectoral horn with a cylindrical aperture are
investigated with appropriate dielectric loading

on the horn walls ; and the radiation pattern
characteristics are compared with experimental
results.

To study the effect of dielectric sphere mounting
over a radiating horn aperture at an off-set position
[85] The possibility of sidelobe reduction, gain
enhancement and a variable beam facility with
dielectric sphere loading is investigated in empty
conical horn a conical horn with a helical boundary,
dielectric coated conical horn and dielectric loaded
E -plane sectoral horn, corrugated conical horn and
corrugated E —-plane sectoral horn.

To investigate the development of some new feed
systems that will provide shaped beam facility with
relatively low sidelobes by combining the teehnique
of multimode operation [1087],[51] for low sidelobes,
and dielectric loading [17],[50]for greater

directivity at the cost of slightly raised sidelobes.



T ORGANISATION OF THE THESIS

The work embodied in this thesis has been arranged

in the following way

The critical review of the existing literature in
the field of microwave antennas has been included in the
second chapter. This chapter also contains the general
considerations that have been utilized in the analysis of

the performance of the variocus antenna systems discussed.

In chapter III , the effeet of dielectrie loading
on the performance of horns with conical boundaries has
been investigated. The radiation characteristics of a
conical horn with a dielectric sphere in front of its
aperture have been first studied, The radiation
characteristics of dielectric coated conical horn are
analysed, and the observations of its performance are
repeated with dielectric spheres in front of the aperture
of the radiating dielectric coated cone. The effect of
dielectric sphere loading on the radiation behaviour of
a conical horn with a helical boundary has also been

investigated.

The radiation behaviour of a dielectric coated
biconicalhom is investigated in chapter IV, for the control

of its pattern directivity in the vertical plane.



Chapter V deals with the investigation reports
of the radiation characteristics of corrugated horns-
conical horn and ¥ -plane sectoral horn - in the presence
of dielectric spheres in front of their aperture when they

are radiating.

The radiation and propagation behaviour of
dielectric loaded B -plane sectoral horn, and dielectric
loaded H -plane sectoral horn with a cylindrical boundary
are reported in chapter VIi. In both cases the theoretical
and experimental results are compared; and a brief account

of their inference is included.

The behaviour of the multimode horn with dielectric
loaded walls are dealt with in chapter VII. A dpuble flare
miltimode horn with dielectric loading on E -plane walls
has been studied analytical’y and experimentally. The
radiation patterns have greater directivity with slightly
increased sidelobe levels., To reduce the sidelobe level
the technique of dielectric sphere mounting is employed.

A dielectric loaded hybrid mode horn has also been considered
in this chapter. The possibility of pattern shaping with
higher order mode contents present in such a horn has been

illustrated both experimentally and theoretically.

A summary of the work together with the conclusions



drawn therein has been given in chapter VIII., A brief
account of the guidelines for further work which would
lead to the development of some fruitful antenna systems

has been included in this chapter.



CHAPTER 11

REVIEW AND GENERAT, CONSIDERATIONS

2.1 INTRODUGCTION

The use of microwave frequencies for communication
systems has initiated the development of efficient
microwave antennas for the transformation of the applied
energy of high frequency into energy of electromagnetic
radiation establishing a definite directional pattern.

The advent of large low noise cassegrain [34],[ 35],[116]
antenna for space communication has focussed additional
attention on the importance of horn antenna design and
performance. Moreover, the wide spread application of
paraboloidal reflectors| 39],[53] with high cost-per-unit
area in satellite communication and radio astronomy, and
the need for multiple or adaptive beam [107] parabolic
antennas in spacecraft have stimilated considerable
interest in the design and development of physically small
antenna feeds which will have high directivity, greater
gain and low sidelobes with a variable beamwidth facility.
Several investigations have been carried out, and new

techniques have been developed towards this goal |, 4

critical survey of the work done in the field of
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microwave antennas is embodied in this Chapter

2,e HISTORICAL REVIEW OF MICROWAVE HORN ANTENNAS

The more frequently used horn configurations are

(1) pyramidal (ii) sectoral (iii) conical.
et s STUDIES ON PYRAMIDAL AND SECTORAL HORNS

Pyramidal horns [63],[64],[121], have been used
for many years at UHF and microwave freguencies for
applications requiring a simple type of antenna with
medium gain ( 10 - 30 dB), and are popular as antenna range

illuminators, gain standards and reflector illuminators.

Extensive studies on the propagation and radiation
behaviour of sectoral horns have been carried out [13],[18],
[24],[54], [110], and was established that they can be
used to obtain 'fan-shaped'! beams of specified sharpness
in the plane containing the flare., The pattern is very broad
in the other plane and is essentially the same as that of
an open ended waveguide., A correction to the available
radiation formula for the E -plane sectoral horn was made
by Narasimhan and Rao [100], and Jull [66] has made a
new proposal for the evaluation of the exXact on-axis gain

of the E —plane sectoral horn yielding perfect agreement
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with the experimental results.
Ll iR PERFORMANCE OF CONICAL HORNS

It was made well known that conical horn[47j’[76],
[97],[105],[123], operating in the dominant TE,, mode has
effectively a tapered aperture distribution in the E -plane
and this results in nearly equal beamwidths in the electric
and magnetic planes. By virtue of this pattern symmetry,

it can handle any polariz.ation of the dominant TE 1 mode -

1
a valuable feature for polarization diversity applications.
Moreover, as a result of the tapered E -field distribution,
the conical horns have more favourable sidelobe gtructure
than with the rectangular aperture horn. A simpler approach
for the evaluation of the performance of conical horn has
been sugzested by Narasimhan and Rao[96] ; and conical

horn antennas have assumed considerable importance in

recent years for polarization diversity applications 51,

The propagation and radiation behaviour of Dbiconical
horn that produces an omni-directional pattern in the
horizontal plane and a directional pattern in the vertical
plane was discussed in detail by Barrow and Chu [12]. A
biconical horn which radiates circular polarization was
designed[87] and used successfully with radar transponder
beacon responding to a ship's standard S -band navigational

radar.
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2:2.5 STUDIES ON REFLECTOR ANTENNAS

A method of obtaining high directivity from a short
horn is by the use of reflecting surfaces whose focal
points lie at the apex of the horn. The performance
characteristics of horn reflector antennas suitable for
space communications [36], [75], were investigated
and established successfully. Paraboloidal[39],[53],[124]
is the most practical form of the reflector as this results
in a high gain pencil beam with low sidelobes. Slight
shaping of the reflector's surface leads to substantial
gain enhancement [140] , and these techniques have been
widely used in earth station antennas. Other reflector
surfaces have also been used to produce shaped beams for
special purpose antennas. For example the spherical
reflector antenna [82],[106],[122] has been investigated
for small carth-station applications because the beam
can be efficiently scanned by the movement of the feed
system. Rusch [116] has studied the performance of a

hyperboloid reflector in a cassegrannian feed system.
2.3 REVIEW OF IMPROVED FEED HORNS

The almost optimum solution for high aperture
efficiency and low spill-over of a paraboloidal reflector

antenna is a sector shaped feed pattern of a horn that will
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have nearly equal E - and H -plane patterns, a well defined
phase center, wider frequency bandwidths and zero
cross=polarization, A brecad band feed horn which when
mounted at the focal point of a parabolic dish yielded
equal E —and H -plane patterns was introduced by Shimizu
[124] . Techniques for optimising paraboloidal reflector
antennas have been developed and successfully experimented
[53],(86],[137],[1%38] . Optimum horn feeds for reflector

antennas were also investigated [113],[137],[138].

Redwl MODIFIED HORN FEEDS

A horn antenna with modified horn walls for low
sidelobes, a well defined phase center at its apex, and
nearly identical E~ and H —plane patterns over a wide
frequency band was suggested by Lawrie and Peters [78]
Rumsey[115] has shown that a linearly polarized horn that
has the same power pattern in the planes through the axes
can be made from a synthetic material for which the
boundary conditions on E and H are the same. The concept
of an open—-ended cylindrical corrugated feed in which
hybrid modes propagate was successfully demonstrated by
Minnett and MeciA [89] for axially symmetric patterns,
zeéro cross—polarization, low-noise and high efficiency.
Practically high gain, narrow beam horns are very long and

bulky because of the flare angle limitations. Even though
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good phase correction for flare angles by mounting
appropriate lens in the horn aperture[27],[38] was
possible, a lens-less method of phase correction for
wideflare angle sectoral horns was achieved by Ancona [4]
by supplying the narrow walls of the horn with a leaky
wave interface corresponding to a fast phase velocity.
For such antennas low sidelobes were obtained due to the
tapered distribution linked with leaky wave attenuation
constant. A H —plane sectoral horn with a e¢ylindrical
aperture [133 ] was found to possess more directivity and
low sidelobes than identical horns with a rectangular

aperture,
P CORRUGATED HORN FEEDS

Antenna research in the early 1960's was inspired
by the need for improved feed systems for large radio
astronomy and satellite tracking dishes requiring horn
feeds that would reduce spill-over and cross-polarization
losses, and increase aperture efficiency. Simmon and Kay
[126] developed a !'Scalar feed! with appropriate grooved
corrugations in horn wall, This corrugated structure
eliminated edge diffractions to result in equal B - and
H -plane beamwidths. 4t about this time, the propagation
and radiation behaviour of corrugated horns were also

studied by Minnett and Thomas [91]in Australia. Following
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these, a lot of work has been done on corrugated surfaces

and corrugated horn structures of differenyv geometry
[20],[21],[28],[417,[59],[83],(88],[139]. An extensive
analytical treatment of the corrugated E -plane sectoral
horn that has desirable radiation patterns with low sidelobes
has been made by Narasimhan and Rao [99],[101] . The
properties of corrugated conical horns as reflector feeds
have been investigated [25],[26],([58],[83]1,[94], and the
importance of corrugated conical horns as low noise feeds
for large reflector antennas has been discussed[60],[61],
[92],[95],[98] . Ring loading [130],[131] and dielectric
loading [2],[99] technigues have been found to be effective
in broadening the useful frequency bandwidths of cerrugated
horns when used as reflector antenna primary feeds. The
improvement of corrugated conical horn performance has also

been made effective by lens correction [27].
B3 INVESTIGATIONS ON MULTIMODE HORNS

Pattern shaping by combining orthogonal TE1O and
TEO1 medes in a radiating horn was made possible [80]
and the horn was found to possess patterns with equal E -
and H -plane beamwidths and suppressed E -plane sidelobes.
These properties were achieved only at the expense of
pairs of cross—polarized lobes into intercardinal planes

that render it unsuitable for applications in which high
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degree of polarization purity is required. But the
original concept of using both dominant and hisher order
modes (multimodes) in a radiating horn for pattern shaping
was due to Potter [108] who utilised the technique of
supeérposition of dominant and higher order modes in a dual
mode conical horn. The technique simultaneously resulted
in complete beamwidth equalisation in all planes, complete
bPhase center coincidence and at least 30 dB sidelobe
suppression in the E =planc. Bean shaping by higher order
modes in a conical horn also has been discussed by Potter
and Ludwig [109] « Based on these investigations much
work on multimode horns as desirable primary feeds were
successfully carried out [42],[136] . The technique of
mode conversion has also been studied by many [93],[132]
for the generation of the wanted higher order modes. 4
miltimode rectangular horn antenna generating circularly
pPolarised elliptical beam was studied by Han and Wickert
[51] + They used a square step discontinuity in an oversized
waveguide for the generation of the wanted higher order
(TE/TIVI12 and TE/TM21) modes to operate the antenna in
two orthogonal mode sets ( TE,q + TE/TM12 and TE,, + TE/TM21).
The horn was found to possess equal beamwidths in B - and
H - planes, low sidelobes and low off-axis polarigzation

axial ratio.,
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2.3.4 STUDIES ON DIELECTRIC LOADED HORN

The use of the dielectric materials for improving
the axial directivity of aperture antennas has been well
established [10[,[17],[49],[50] =+ 4 new technique called
'Dielguide' for providing highly efficient low noise
antenna feeds has been developed by Bartlett and Moseley
[14] , by placing dielectric guiding structures (Dielguides)
between primary feed and reflector or subreflector. These
guiding structures utilise the phenomenon of total internal
reflection (TIR), which is a property of the boundary
between dielectric media, to reduce spill-over and provide
more uniform reflector illumination. The enhancement of
horn aperture efficiency was verified by Tsandanlas and
Fitzerald[134] by the use of dielectric wedges inside the
horn walls. Satoh[119] could develop a wideband dual
mode horn which has a2 rotationally_symmetrio beam and
lowsidelobe levels by loading a dielectric band inside the
horn antenna. A4ijioka and Harry[1] devised a dielectric
loaded horn for a satellite- born shaped beam antenna,

with a dielectric cap or tube at the horn aperture.

The possibility of developing dielectric antennas
of different geometry has been explored [19],[31],[56],
and has been applied [29],[30] as effective feeds for

cassegrain antenna systems.
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A
.35 DIELECTRIC SPHERE LQDING 4S5 A MEANS OF
PATTERN SH.PING

In 1972 Chatterjee and Crosswell [23] introduced a
method-of producing mltiple beam or variable beamwidth
fecds for a paraboloidal reflector, and minimising aperture
blockage by dielectric spheres placed at the aperture of
radiating circular and rectangular horns. In a related
study Neelakantaswamy and Banerjee have shown that circular
waveguide excited dielectric sphere backed by a metallic
hemisphere [103] 3 and circular waveguide excited dielectric
sphere with matched sphere-air boundary [102] produce
patterns withlowsidelobe levels, increased on-axis gain
and reduced - 3dB beamwidths. Similar results were
obtained by Martin and Oxtoby [85] with dielectric spheres
placed in front of, but displaced from, the aperture of a
circular waveguide; and by Neelkantaswamy and Banerjee [104]
with off-set placed dielectric spheres in front of the
corrugated pipe aperture. Recently Crosswell et al [37]
have made a thorough investigation into the effects of
Placing a homogeneous dielectric sphere over the aperture
of circular waveguide, and have established that such
dielectric sphere— mounted antennas have directivities in
€xcess of that obtained by a uniformly illuminated aperture

of the same cross—section.
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24346 STUDIES ON SURF.CE WAVE HORNS

The surfaoce wave phenomenon[11] of propagation
of electromagnetic energy without radiation along an
interface between two different media are verified [8],[5]
to result in a greater on-axis gain due to high concentration
of energy in the neighbourhood of the interface, It has
been shown [33,Pt,2]that surface wave propagation can be
effected in a reactive surface bounded between high side
walls., The possibility of developing a surface wave horn
by 2 wedge shaped bounded reactive surface was suggested
by dArora [6] and this idea was put into practice [67]
to show that a surface wave H —-plane sectoral horn
antenna possesses on-axis gain in excess of conventional

horns of the same dimensions.
2.4 GENEK.IL CONSIDERATIONS

The main considerations that have been used for
the analysis of the antennas discussed in the thesis

are mentioned below.
G | VECTOR POTENTI.L APPROACH

In view of the divergenceless character of electric
and magnetic field intensities, it is possible to express

the field in terms of the magnetic vector potential i
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or in terms of an electric vector potential f ¢« She
total field of a system can then be expressed by the
superposition of the fields in terms of A and F . TFor
source free regions 4 and F should satisfy the Helmholtz
equations,

G°% + kozﬂ =0
o P

2= =

The electromagnetic field in terms of 4 and 5, for the

source free case, is given by,

B

= e R

- — S X xr X 4
Juwle
v (2.2)

HE=gx A+ =—— X7 X7
Juop,

Thus the concept of the vactor potential has become an
important tool for the analysis of modal fields inside
an antenna system ., The vector potential concept has
been utilised for the analysis of the fields of the horn

antennas embodied in this report.

244.2 THE APERTURE FIELD METHOD BASED ON THE
VECTOR DIFFRACTION FORMULA

There are several methods [125]of computing
accurately the radiation patterns of horn antennas. The

aperture field method based on the vector diffraction
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formula [44, Chap ~3,PP.84-86] is the one frequently
used now-a=days in respect of its simplicity. In the
aperture field method,radiation fields are obtained fronm
the field distribution ( By, Hy) tangential to the
horn aperture. By this method, the radiation field from

a rectangular aperture is given by

. B
_ Jko e i =
B = : (1+cose) [f Et i
4‘7'5 T s
jk (xssineoos¢+y sin®sing) (2.3}
e © 4 ax_dy_

It is noted that all points in the X% -plane ( H -plane)
have spherical co-ordinates @ = 0, while points in the
YZ -plane ( E-plane) have the co-ordinates @ = n/2 .
Accordingly from Eq. (2.3) the H - and B -plane patterns

are obtained respectively as

X R - 3k x_sine
Eﬁ = j yen (1+cos6) {! Et e dxsays
X (2.4)
_ ko & J oT 2 jkoyssine
Ee = j o (1+cos6) éf Et e dxsdys

Where Et is the transverse electric field over the horn

aperture contour s .

To calculate B accurately from formula (2.4) it



is necessary to consider the dependence of Et on the

co—ordinates Xg and Vgo

In the case of circular aperture, the respective

radiation field components are given by

o W " Jk peosg_sine

T _2 s 0
E¢ j Wil (1+cos6) 4! E, e f%df%dﬁs

_jkor (205)

- Jko f%SinﬁsSinej%df%dﬁs

BE ol e (14p 6l B
0 4m r ) éf t

The basic relations given by Egs. (2.4) and (2.5),
formilated on the aperture field method based on the
vector diffraction formula,have been conveniently used
for the computation of the radiation characteristics of
the antenna systems of different geometries considered in

this thesis report.
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CHAPTER IIT

RADIATION PROPBERTIES OF DIELECTRIC LOADED CONICAL HORNS

31 INTRODUCTION

The conical horn antenna has assumed considerable
importance in recent years because of its radiation patterns
having low sidelobes and nearly equal beamwidths in the
electric and magnetic planes - a valuable feature for
polarization diversity applications[3 ] - due to the tapered
aperture field distribution in the electric plane. Yet,plane
conical horn is not often used in Practice because of its
relative incompatibility with rectangular aperture antennas.
Corrugated conical horn[26],[94],[95] has been devised as
a very useful primary feed for reflector antennas for
satellite commnication earth stations and radiotelescopes,
as 1t has the property of symmetric radiation patterns having
a broadband (1:1.5) and negligible sidelobes. But, the
widespread application of paraboloidal reflector antennas in
satellite communication and radio astronomy has.stimulafed
considerable interest in the development of new improved
feed systems which will have low sidelobes and high directivity
for a given cyess-sectional area., The present chapter accounts
the results of the theoretical and experimental investigations
in improving the radiation characteristics of conical horns

by the technique of appropriate dielectric loading.
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Dielectric coating on the horn walls[10],[48],[49],[50],[134]
is used for the improvement of its axial directivity, and

the technique of dielectric sphere mounting on the radiating
horn aperture[37],(85], [103), [104 ]is utilised to improve the
pattern with narrow beamwidth, greater on-axis gain and

reduced sidelobe levels.

5.2 A WIDE ANGLE CONICAL HORJ WITH A HOMOGENEOUS
DIELECTRIC SPHERE IN FRONT OF ITS APERTURE (15

In this section the effects of pPlacing a homogeneous
dielectric sphere in front of the aperture of a radiating
wide angle conical horn have been investigated both
theoretically and experimentally. The theoretical formulation
of the radiation characteristics is made on the basis of
scattering of electromagnetic waves by a dielectric sphere.
Calculations based on this formulation are compared with

experimental results of pattern and gain measurements.
Bame GEOMETRY OF THE SYSTEM

The antenna system under consideration is shown in
Fig. 3.1. The homogeneous dielectric sphere of radius 'b!
and permittivity €4 is placed in front of the aperture of a
wide angle conical horn of flare angle eo. The regions
exterior ( r > b ) and interior ( r < b ) to the sphere have

propagation constants ko and k1 respectively where
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e e —

) Vﬂpo e, ( regionr > b )

=3
]

k, =+¢3V o ( regionr < b )
1 “o 1

Here both the regions are assumed to have the same

bermeability Ko
- TN ANATYSIS OF THE FIELD

The dielectric material of the sphere is assumed
to be lossless. For convenience in applying the boundary
conditions, it is assumed that both E and H modes are present
in the horn region. The components of the hybrid modes
( HEmn modes ) may be derived from the vector potentials A
and F » €ach having a single component only in the radial
direction such that A = I i  and F = IF. ; and satisfying

o
the equations

AL JA
1 ) o T 1 3 : r
- = (r ) - - (sin@-—= ) +
r2 dr Jr Peinde 0€ EL)
1 32,
B 2g 3 i 02Ar .
résin z
¢ (-7
oF oF
1 3 2 r 1 L T
and — (2" == ) + - (sin® —= ) +
gé . OF r rlsinlg 08 36
2
a F =)
1 i =
I > - =+ k F - O
r°sin®g 3y R

where Er = the unit vector.

4ipplying the method of Separation of variables to
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Egs. (3.1), and also giving attention to the following
boundary conditions
i) The field must be periodic in 2% on @, and finite
at 6= 0,
ii) Tangential B must be zero at 0 = 6, the flare angle
of the cone, Ar and Fr can be obtained as

& 5y & 4y S
b = B F (cos6) Bn(kor) e

(3.2)

m A jmg
P (cose) Bn(kor) e

FI‘ k mi n

where m is an integer, and for the given values of m the

eigen values n are evaluated from the characteristic equations

d
"H@'Pﬁ (cosB) = 0 at & = 90 for TE modes

and Pg (cos®) O st = 6, for IM modes

Pg (cos@) = Associated Legendre function of the
first kind
%n(kor) = ©Solution to the modified Bessel's equation

for the spherical functions.

Now the transverse electric field over the horn

aperture becomes

E_t = leEe + 1¢E¢ (3-3>
where Ee and I¢ are the unit vectors, and the tangential

field compenents E6 and E¢ are given by
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oF 34
1 r ]
By =~ Sorem - ) e
' Jweor ar‘je
; G2A {3.4)
5 -l r
Eﬁ-_rae ﬂ'+3ugr

07 I g

assuming balanced condition at the horn aperture, the transverse
electric fieldit over the horn aperture, under far-field

~ o i e
approximation ( i.e. ke 1, Bn(kor) = jn+‘| &0 y

ﬁn(kor)/ﬁ:l(kor) = = Jj), is obtained by Egs. (3.2), (3.3) and
(3.4) as, -
= £ 1+ e (0] n CcOoS
Et = ~-(3) T amn.v po/Eo [ oy +
BT oek) 1 (I w 3E 08 (3.5)
3dp n 1 g @ :

Under the assumption of minimal edge diffraction in
wide flare angle cones, the horn aperture and radiation
patterns should be similar when the far field approximation
applies; and hence the field pattern at the sphere location
may be taken as that at the horn aperture. Restricting the
consideration to m = 1, the proper form of the electric and
magnetic potential functions for the electromagnetic waves
incident on the dielectric sphere placed in front of the horn
aperture, on application of wave transformation [52] for
spherical functions, can conveniently be expressed in the

most general way as a summation over all possible values
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of n ; and are given by

A =

1 Sid ot il
a, Pn(cose) Bn-\kor) cosd

o8

(3.6)

1 N ,
P B P (cosé) Bn(kor) sing

uhers L =0 (2l
n(n+1)

n, = VHo /SO

B (kor) % 3n(kor), bhe P Lpdie modified spherical Bessel
function of the first kind for the field in the

near-zone defined by r < p .

= ﬁéz)(kor), the nt® order modified spherical
Hankel function »f second kind for the field in

the far-zone defined by r >b
The assumption that ﬁn(X) = fn(X/ for the near-zone and

A a(2) a . .
Bn(x) ok (x) for the far-—zone is made in order to
facilitate the evaluation of the constants involved, on

application of the boundary conditions.

This wave incident on the sphere induces secopdary
fields [129] having two components viz. (1) the scattered
field external to the dielectric sphere and (ii) the

transmitted field internal to the sphere, Taking outward
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travelling waves ( i.e. ﬁ§a>(kor)) for the scattered fields,

by Eq. (3.6) the proper forms of the magnetic and electric

potential functions for the scattered field become

- . "y "o b 1
i = cosf n21 b, H, (&or) P, (cose)

{3:7)

¥ o= ‘0081n¢ §

A(2) 1
ned Cn M2 (kor) Pn (cosb)

Likewise, the field internal to the sphere (transmitted field)

would be developed by the potential functions,

o0 ~ ,Al
Ag = cosd 21 dn Jn(qu) Pn (cost)
n=

(3.8)

t . 0L ) Pl :
: —1% sing n£1 &, (k1r) P (cos@)

Here bn, Cpo dn and e, are constants of the scattered and
transmitted field potentials to be determined from the boundary
conditions, viz. the tangential components of E and H must be
continuous at r = b (radius of the sphere). The constants
involved in the radiation behaviour are those of the scattered

field potentials bn and ¢, only; and these constants of

interest are derived in Appendix A -1 as,
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i Ay ) ™ o ol
" Ve, T,k d) 3 (kyb) + Ve, ﬁn(kob) J (ke b)
i Ty (2) &
L S : A2 Lt
Veq 8" (e b) T (kyp) Ve B2/ (x 0)F) (,b)

“Veq3, (i 0)3) (k,p) + Ve, Sg(kéb) 5 _(k,b)

Veq B(®) (k b) 3 (kD) - vgoﬁgz)'(kob) 3 (k)

where the prime denotes differentiation with respect to r.
Knowing the constants, the incident and the scattered field
components can be obtained by inserting the appropriate

potential functions in Egs. (3.4).
3.2.3 RADTATION FROM THE SPHERE LOADED ¢ONICAL HORN

As the necessary potential functions have been
established, the radiation from the device may be treated as
a boundary value problem; and solutions can be obtained by
the scattering superposition technique as presented in[37]
for a case based on the Huygen's Source model. Accordingly,
in this case, the total field outside the sphere becomes the
sum of the incident and scattered fields; and hence from
Egs. (3.6) and (3.7) the potential functions at any point

in the far-zone are given by,

&= A2 "
A; = cos@ n§1 H(n) (kor)Pg(cose) (an+bn)
= (3.10)
% : R [ 1
¥ =Np singd ¥ Hé ) (kor) Pn(cose) (an+on)

n=1
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Using the appropriate formula

+ 2.+

5 i s _ 1 aFr 1 0 “Ap
E = k' + R = P o—— —— :

6 S 0 r sind g Jwe,r drae

(2.%1)

by Eg. (3.10), the © —component of the radiated far fielgd

is obtained in Appendix A-2 as,

g exp(-jk r) &
Ey = -n, cosff 0 g 5o+
o n=1
P1(cose)
- {a:%e. .0 + = P1(oose)(a +b_) ER. 2]
sine an 30 n (B ] -

And substitution of 4. and F, from Eq. (3.10) in the

€Xpression,
4
5 72
L+ i s T .8 + 1 s
E =By + B = e B3 2 )

the @ - component of the radiated far-field is derived a8,

= M, sing exp(~jk r)
r ol

- jn+1.
=

3 1 P;(OOSQ)
[ -5 P, (cose) (an+cn> e a (an+bn) 1(3.14)

The resultant exXpression for the far-zone field becomes,

ER(r) = IeEg 4 EQE+ k (3.15)
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and 1t is shown in ippendix A-2, that by using Bge. (3.12)

and (3.14) in Eq. (3.15) the resultant field is obtained as,

=) = (el )
(I‘) B L j‘r) EXp (JICOI') o (2n+1) .
Ep 0 — B s P R R
where 1,
Pn(COSG) e 3 1 .
My o= cosd e = e Pn(COSG)Sln¢l¢
1
X d 2 (coss) g T
- i AN 5
B, = i P (cos®) cosy o ST ' 7
5! b
n a, n -

ie and f¢ are unit yectors. The radiation pattern based
on Eq. (3.16) has been computed by evaluating a and B for

typical values, and the results are presented in Fig. 3.2 a.
3.2.4 FORWARD DIRECTIVITY OF THE SYSTEM

The total power WJG radiated by the system may be
determined by integrating the total power flow across an
infinite sphere placed concentric with the diffracting
dielectric sphere.

1 - N | EA - -
Thus W, = 5 R ¢£O 6[ T (ER X HR) sinededdg ]

0Tt
This integral can be evaluated with the help of the

following orthogonality relationships [129, PP 569]:
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i moPe B

of ( %5 Pg %@ Pov o+ __mim ") 8inede = O where n # 1
sin 6

b, 0 (n+m)!
(2n+1) (n-m)!

n(n+1) where n = n!

T =
Haiet s A 1
o 5 Fn T Par * —=—— B P, )sinede = 0, if n £ n'

sin€e
2 (n+1)! : -
- : n(n+1 if n=n?
(2n+1) ~(n=1)1 )
and
1 il
B P B
n d 1 n d 1 . e

Using the above orthogonality relationships W, is derived

(see Appendix A-3) as,
W = > , 2 . 2
M e M a . Bl | e fE L) (3.18)

An expression for the directivity of the antenna
device in the forward direction relative to an isotropic
source may be obtained by setting 6 = n in Eq . (3.16)
and using the expression for Wt. (Forward directivity and the

maXximum power gain are the same in this case, since the

dielectric sphere has been assumed lossless).

Thus the forward directivity DO becomes,

1 2 2

z lER(r)|6=n'4nr

D, = (3.19)
g ¥,




Meking use of the relationships,

P! (cose) Gad

\ > afn + 1)
sind 6 - 1 2]

(-1)"
> — n(n+1),

: 1 2
and sinb Pn(oose) (o 36 P;(cosa) ==
Q =

in the expression for ER(r), the forward directivity is

derived in Appendix 4-3 as,

D = (3.20)

o 2ned 2 2
AR o LR

The directivity is estimated using Bq. (3.20) for known
values of b, ¢4 and the operating frequency fo; and the

results are plotted in Fig. 3.3.

ZeB 5 EXPERIMENTAL OBSERVATIONS AND COMPARISON WITH
THEORY

In order to test the validity of the equations
derived, and to investigate the effectiveness of placing
the dielectric sphere in front of the aperture of a radiating
conical horn, an experimental horn of half flare angle (eo)

26° and aperture diameter 11.75 cm was fabricated. Experiments

were performed with paraffin wax ( T ) dielectric
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sphercs of diameter 9 cm, 6 cm and 4 cm placed in front of
the cone aperture. The horn was excited by a TE11 mode in
the input circular waveguide; and the gain and pattern
measurements were carried out at the X -band frequency
(fo = 9.68 GHz). The directivity of the antenna system was
measured by the substitution method using a pyramidal horn

of gain 17 dB as the reference antenna.

The E -plane radiation pattern of the system with
6 cm diameter sphere at a distance of 24 em from the cone
aperture is exXperimentally obtained and is compared with the
theoretical results based on Eq. (3.16) in Fig. 3.2. There

is good overall agreement between these results.

The experimental results of the directivity
measurement and the theoretical values based on Bg. (3.20)
are shown in Fig. 3.3 as a function of the sphere diameter
in wavelengths. The theoretical results show overall agreement
with the experimental directivity measurements. It is
observed from Fig.3.3 that the directivity of the horn
increases with the diameter of the test sphere. Fig.3.4
shows the directivity of the system with different sphere
dimensions as a function of the distance of the spheres from
the horn aperture. It is observed that the gain increases
as the distance of the sphere from the horn aperture is

reduced, and the maximum gain is reached at an optimum
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distance from the cone aperture.

From the results, it can be concluded that the
dielectric sphere mounted conical horns have directivities
in excess of that obtained with conventional conical horns of
the same dimensions. The system &lso posSsesses a variable
beamwidth facility depending on the dimensions of the
dielectric spheres. The increase in directivity 1s seen
to depend on the sphere dimensions and its location from
the horn aperture. For a typical sphere, there is an optimum
position for meximum gain, and the improvement in gain is

particular for spheres of diameter b < 3N,

The effect of placing a dielectric sphere in front
of, but displaced from, the aperture of the radiating
horn in narrowing the =3 dB beamwidth, and in reducing
the sidelobe levels is discussed in the cases of other
antennas considered, The possibility of obtaining a
variable beamwidth facility at a low input VSWR by
appropriate sphere off-set positions in front of the horn

aperture has also been discussed in those sections.
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343 DIELECTRIC-COATED CONIGAL HORN

Analytical and experimental results of the radiation
properties of dielectric—coated conical horns with small flare
angles are presented in this section. Hamid et al.[48] have
computed the radiation characteristics of conical horn loaded
with dielectric layer along the horn walls with the aid of
Keller's ray theory. But, in the present section the radiaiion
characteristics of the dielectric coated conical horn are
derived in a much simpler form, using spherical hybrid modes
on the basis of the vector diffraction formula. The
characteristic equation for the eigen values is derived ;
and the values computed for the HE11 mode is compared with
those for conventional and corrugated conical horns. Analytical
results of the radiation characteristics are established in

good agreement with the theoretical results.
3B MODAL ANATYSIS

The inner walls of the conical horn of flare angle
eo is layered with a dielectric material -of permittivity e,
as shown in Fig. 3.5 . (The flare angle of the coated cone is
'61). The modal fields in a conical horn can be derived from
the scalar potential functions Ar and Fr; and giving attention

to the outward travelling waves, Egs.(3.2) can be written

[anl
as,
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By AT Hn (&Or) Pn(cose) e

(5:34)

% - ] A<2) 1 m jm¢
S TS (xor) P (cosb) e

where a., and b are constants depending on the excitation

mn
of the modes, and are related by the equation

b
mn Ty - 4.
5;;:—- = =a noBo where Mo Vuo 7eo

and BO is a coefficient depending on the boundary conditions

(B, = £ 1 for balanced conditions).

In Egs. (3.21) 'm' is an integer, and 'n' is real and positive
corresponding to the ordinal number of the root of the
characteristic equation (i.e. corresponding to the order of
the wave in the horn). In order to obtain simpler solution
for spherical hybrid modes in the dielectric coated conical
horn, the 6- part of the Helmholtsz equation in spherical
coordinates, given by Eqgs.(3.1), after separation of

variables can be written as

2
1 d s Bfn) m :
—— —= (5ing =Y. ) +n(n+1)— — = ) (5.22)
X(0) sing 30 96 Binte

For small values of 6, replacing sin6 by 6, the above

Eq.(3.22) is modified as,

2 2
5_)%(_81 2 9x(e) B [n(n+1) - . ] x(8) =0
- iy 62 (3.23)

Denoting Vn(n+1) = q; and putting v = q@, Bgl{3.23) is
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modified as,

2 2
37X(8) 1 93X(6 ¥ _ - ,
T*- ; -—a-_-\-r——z o (I ".\;2_ ) X(e) O (3&24’)

Eq- (3.24) is the Bessel's differential equation which will

have solution as

X(e) = Dme(V) (3.25>

where J (v) is the Bessel - function of the first kind |,
v =90, q= V(e
and Dm is an arbitrary constant.

Inserting this relation for the 6-part, Egs: (3.21) can be

written as,

by =a_. ﬁég) (kyr) J_(q8) exp(jmg)

(3.26)

. bmn ﬁig)(kor) Jm(qe) exp (jmg)

=
]

Joat

The time factor e is implicit throughout.

Inside the dielectric layer there will be standing
waves due to reflections from the interfaces, and hence by
Egs.(3.26) the proper form of the potential functions for

fields in the dielectric coated region becomes,

Ag =[ cpniyCad) + d oY {ad) ] ﬁé2)(k1r)exp(jm¢) {52073
Je&
Fg =[ e 9,(a@) + fmnym(qe)]‘ﬁég)(k1r)exp(jm¢)
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where Jm(x) Bessel function of the first kind

¥u{¥) = Bessel function of the second kind

ﬁi‘)(x) modified spherical Hankel function of the

second kind
and k, =Dy “091

(The superscript 'd' in A, and F, denotes dielectric
coated region).
The constants S and By /if dmn and fmn are related by the

same way as a and bm
&

mn n

1.8, emn/omn =—ﬂTH Bo % fmn/dmn = -Jn1 Bo

The characteristic equation for the separation
constant 'n' can be derived by matching the fields at 6 = 9,
and also by applying the appropriate bouﬁdary conditions.
The characteristic equation for the hybrid (HE_,) mode is

obtained in Appendix B-1 as,

1 ¥
qu(q91) . JH (kor) mBO

Jm(q91) H(kor) sing,
1 1
¢y Jm(q61) ym(qeo) —Jm(qeo) ym(q61)
€o

Jm(qe1)ym(qeo) —Jm(qeo)ym(qET)

- 1
J mB H (kor) (3.28)

]

+

sing, H(kor)
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where H(x)

)= L ) (x)

ar n

(The subscript 'n' in HEmn denotes the ordinal number of

the root of characteristic equation that designates the order

of the wave in the horn ), Under far-field approximation

L]
(i.e. k1 »1, g = -j) Bq. (3:28) becomes
1 ! 1
J (q8,) e J (a8, )y (g8 )-J (g6 )y (gb,)
o= T T - S, zll:q O R Rt - S AL S i :

Qe
Jm(q61) L & el
Jm(qe1)ym(qeo)—Jm(qeo)ym(qe1>

sin6, + mB ] (3.29)

Now restricting the consideration to the case with m = 1,

and the excitation coefficient BO = +1, the characteristic

equation for the HE1p modé becomes,

J;(q61)
LG, e s &
J1(q91)
1 1
8y 34 (a8 )y, (a8 )-J,(ab )y, (q8y)
E; (% sin91+1]
71(a84)y, (a8 )~ (g )y, (a0,)
Coaal)

This characteéristic equation is solved graphically
for a coating thickness of 29 with paraffin wax (er =2.25).

(The method of solution is illustrated in Fig. B - 1 .

The values of 'n' thus obtained for HE,, mode, by taking the
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first root of Eq. (3.30) for different values of coated conc
flare angle 91 are shown in Fig. 3.6 together with those

for conventional and corrugated conical horns.

Substitution of A and F.. given by Eqs.(3.26) in the
appropriate field relations [52] (Bgs.(3.4) ) yields the
interior horn fields., Accordingly for the HE11 mode, under
far-field approximation, the interior horn field components

are obtained as,

+q74(a8) Jexp (i)
(3.352)

The value of g in the above equations for Ee and E¢
corresponds to that for the HE11 mode i.e. corresponding to

the first root of the characteristic equation.
3.3.2 COMPUTATION OF RADIATION FIELDS

The transverse electric field Et over the horn
aperture, under far-field approximation, for the HE11 mode

is obtained from the values of Ee and Eﬁ 5 and becomes



~46-

-k, r J1(qe) ,

- *a71(98) ] (1g+jiglexp (50)

tiad :
By = - ayy 0o

r sing

(3.33)

Using the following recurrence formila for Bessel functions

T+ B ) =g (x)

and with the assumption of siné >~ 6 for small values of 6,

the above equation for Et becomes simpler as

—jkor

By = =)™ ayyny S 0. lge) (3, + iiy) exp(if)

(3.34)

The simpler expression for Et given by Eq. (3.34)

facilitates an €asy evaluation of the diffracted far-field

on the basis of the vector diffraction formula EIQOJ-Thus

the diffracted far-field, under the assumption of no phase

variation of ﬁt over the aperture, is obtained (A ppendix B-2)
as,
—jkor
Bp(r,0,8) = By, (1+co86) j Sgue .

7, £ on a_ sine)

o )\O

(ig+jiglexp(ig) (3.35)
(qeo)z_ frPal St lotiig J
No

where B the radius of the conical horn aperture

and By4 1s a constant independent of (r,0,8) as defined in

Appendix B-2,
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The validity of the assumption of no phase varistion
of Et over the horn aperture is true only for a maximum phase
error [125] of m/4; and this is possible with 64 < 20° ,

The radiation pattern based on Eq.(3.35) has been computed

and is given in Fig. 3.7a.
3.3.3 THE AXIAL GAIN

The total power radiated from the horn may be obtained
by considering the conical horn as a spherical cap of radius
'L'. (I is the axial length of the horn). Thus the total
power Pt crossing the spherical cap of radius 'L' in the cone

region is given by,
1 *
B, gRe[{! (B4 X Hi) ds]

It is shown in Appendix B-3 that by using Eq.(3.34), P, is
obtained as

1 B8 D
[

~ )

Now the axial gain is defined as

4% (0,0
< -—T-[T—)- (3.37)
i(5

where P(0,0) =

= [

Using Egs.(3.35) and (3.36), the axial gain is derived in
Appendix B-3 as,
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2
e J (qe )
& RN e e (3.%€)
Ao

(qe1)2[ Ji(q61)+ Jf(qeﬁ ]

The substitution of the typical values of a_ 61, q and

No 10 Bge.(3.38) will give the gain of the dielectric
coated conical horn for HE,|1 mode excitation. TFor typical
values of the experimental horn ( see Beq. 53.35.5) at

fo =8.86 GHz, the gain based on Eq- (3.38) was found to be
approximately 17.2 dB. The range of validity of the
radiation pattern and gain formulae given by Egs.(3.34)

and (3.37) depends on both 6, and a_. These formlae are

accurate only for €4 £ 20"
5.3. 4 LEXPERIMENTAL RESULTS

The radiation behaviour of the dielectric coated
conical horn was investigated with a cone of 80 = 20° and
aperture diameter 11.75 cm coated with paraffin wax (er =2.25)
for a thickness of 2°. fThe horn was excited by TE11 mode
in a circular input waveguide at a frequency of 8.86 GHz.

In Fig. 3.7 a the €xperimental E -plane pattern is compared
with the theoretical results based on Bg .(3.35). There is

good overall agreement between the two results. The pattern

for the cone without dielectric coating is also included

for comparison. The E-plane and H -plane patterns of the

coated conical horn are depicted in Fig. 3.7b. The gain
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of the cone with and without dielectric coating was observed
and was found to be 17.75 dB and 14.5 dB respectively. The
gain based on Eq. (3.38) for the typical values was found

to be approximately 17.2 dB and is in good agreement with

the experimental value,

From the results, it is concluded that dielectriec
coated conical horns have increased axial directivity and
on-axis gain; and reduced- 3 dR beamwidth at the expense

of a minor deterioration in the sidelobe levels.

3.4 DIELECTRIC SPHERE LOADED DIELEGCTRIC COATED
CONICAL HORN

In an effort %o attain improved radiation pattern
with increased directivity as well as low sidelobe levels
from diclectric coated conical horns, investigations have
been carried out with dieclectric spheres placed in front
of, but displaced from, the aperture of the coated cone.

The analytical expression for the radiated far — field
components of the system with dielectric spheres are

derived by treating the device as a microwave lens illuminated
by .an aperture soirce. Theoretical results thus obtained

are found in good overall agreement with experimental

results. The test feed system has improved radiation
characteristics with low sidelobe levels and obvious inereased

directivity.



Sade ANALYTICAL FORMULATION

The radiation behaviour of the system is analysed
by treating it as a dielectric lens illuminated by an
aperture source. The feed system under study is shown in
Fig. 5.8 a , and its optical equivalent in Fig. 3.8Db
The homogeneous dielectric sphere (spherical lens) is
illuminated by the dielectric coated conical horn (aperture
source). Following the method due to Bakefi and Farnel [9]
the amplitudes of the field distributions in the vertical
and horizontal planes respectively at an equivalent circular

aperture at BB through the centre of the sphere are given

by
: ; 1/2
6, ., sinwy d
Uj(o~) =« [ By (y) T8, 18, L «C_i-;{—_ ] s
Eome 1/2
o) = a2y (y) rp, S0 dy ]

where TE1 and TE2 are the effective transmission coefficients
at the two refracting boundaries of the Sphere, a is a
normalisation constant, and PG(V)) and Pﬁ(ﬁ’) denote the
field patterns (power) in the two principal planes (vertical
and horizontal) at an arbitrary position. For the dielectric
coated cone, edge diffraction will be minirmum and hence,
under far field approximation, the patterns at the location
of the off-set placed sphere at a small distance from the

horn aperture will be the same as those at the horn aperture

/0997
CENTRAL LIBRARY UNIYFRSITY OF ROORKEE
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Accordingly the magnitudes of the fields in the two
principal planes at the location of the off-set sphere
can be taken as those given by E. in Eq. (3.34). As the
field distribution at the sphere location has been assumed
the approximate expressions for the far field components,

with an assumed azimuthal symmetry[9] can be obtained as,

5 "jkor O\m & »
Ly e 3
LJ8(6> — J(kob) "_KEF"" Of 111(6\)Jo(kobch81n6)n
—ik v (e~)
5 o~ d o
~jk.r (vertical plane)  (3.40)
) 9 e 0 6\m Qj 3
Uﬁ(e) = 3(k_b) _...,Ké_r_of uf(o~) J_(k bavsing).
'jkoV(O\)
L S (7=

(Horizontal plane)

where g, denotes the radius of the equivalent circular
aperture over which the amplitude ui(O\) and the phase
distribution kOV(O\) are known, and b is the radius of

the sphere.

Using the values of U, (o~) computed from Egs. (3.34) and
(3.39), the integrals in Egs. (3.40) have been evaluated
by numerical method (Simpson's rule) and the results are

plotted in Fig. 3.9%b.



—52~-

3.4.2 EXPERIMENTAL OBSERVATICNS

To invesiigate the radiation properties of the test
feed system, experiments were carried ouat with the same
conical horn of GO = 20° and aperture diameter 11.75 cm
coated with paraffin wax (er = 2.25) for a thickness of Z®
discussed in Sec. 3.3.5. The horn was excited by a TE, , mode
in the input circular waveguide at fo = 8.64 GHz, and
measurements were made with paraffin wax spheres of diameter
9 cm, 6 cm and 4 cm kept displaced in front of the horn
aperture., The sphere displaced positions from the horn
aperturé were determined experimentally for minimum input
VSWR performance [85] . Experimental results of the radiation
pattern for the feed system are presented in Fig. 3.9%9a
together with those for dielectric coated and conventional
conical horns. Theoretical patterns obtained for the feed
system by the present method using Egs. (3.40) for paraffin
waXx spheres of diameter 6 cm and 4 cm are depicted in
Fig. 3.9 together with experimental patterns, showing a
good overall agreement. The gain (experimental) of the
system as a function of the sphere diameter in wavelength
is shown in Fig. 3.10. Decrease in -3 dB beamwidth as a
function of off-set dielectric sphere diameter is depicted

in Fig, 3.10a.
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FIG. 3-8 a - GEOMETRY OF THE DIELECTRIC SPHERE

LOADED DIELECTRIC COATED CONICAL
HORN

APERTURE IMAGE SPACE

PLANE

AA _ APERTURE PLANE

BB _ THE EQUIVALENT CIRCULAR APERTURE
THROUGH THE CENTRE OF THE SPHERE

FIG.3-8b_OPTICAL SYSTEM FOR THE GEOMETRY
OF FlG. 384
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From the results presented it can be concluded
that dielectric sphere loading improves the radiation
characteristics of the dielectric-coated conical horas
with reduced sidelobe levels, and increased directivity
and on-axis gain. The feed system also provides a
variable beamwidth facility with minimum input VSWR for
optimal sphere displaced positions in front of the horn
aperture. Hence the dielectric sphere loaded dielectric -
coated conicul horn may be used as an effective reflector
antenna feed system having improved performance with
greater directivity, higher axial gain and low sidelobes

together with a variable beamwidth facility.

a5 DIELECTRIC SPHERE LOADED CONICAL
HELIX HORN [74]

A new type of hybrid mode feed system for
applications in satellite communication 1s considered
in this section. The feed system consists of a
dielectric sphere placed at a displaced position in
front of the aperture of a conical horn with a helical
boundary. The conical horn formed by a helical

conductor with close spacings allows only circumferential
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currents to flow. It has been proved that a suitably
designed helix will have axial radiation[22],[77] with
relatively wideband characteristics. A.W. Ashton [7]
has analysed a spiral horn antenna by assuming the
fields associated with it to be the same as those in g
cylindrical waveguide, and has established that it
has desirable radiation characteristics to be used as
a satellite antenna. In this section the analysis of
the fields in a conical horn with helical boundary is
presented using spherical hybrid modes; and the far-
field radiation characteristics of the horn are derived
on the basis of the vector diffraction formula with
the assumption of a quadratic phase variation eof the
field over the horn aperture . In order to

improve the radiation characteristics of this
conical helix horn, with increased directivity and
reduced sidelobe levels, investigations have been
carried out with dielectric sphere loading in front

of the horn aperture, The analytical treatment of

the system with dielectric sphere in front of the horn
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aperture is made by treating the system as a microwavé
lens illuminated by an aperture source. Analytical results

are established in good agreement with experimental results.

2Tl MODAL FIELDS IN A CONICAL HORN WITH HELICAL

BOU ADARY

The feed system under study is shown in Fig. 3.11a.
The helical cone of flare angle eo consists of a closely
wound wire helix that allows only circumferential currents
to flow. Because of the way the horn is excited with a fast
wave, the fields contained in the horn are also fast waves;
and hence this horn differs from the antenna devised by

Kraus [77(a)] which supports slow waves.

Analysis of the horn fields is made by using
spherical hybrid modes. 1In order to satisfy the boundary
conditions both TE and TM modes need to exist. For small
flare angle cones, by Egs. (3.26), modal fields inside the

horn region can be obtained from the potential functions

given by,
SRR Jm@
B ok Jn(kor) Jm(qe) e
(3.,402)
e 2 jmg
E, e Jn(kor) Jm(qe) e

and the potential functions for hybrid modes outside the

horn are given by
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i e '\(2) N ng
Al Ch Hn (kor) Jm(qb) &
(3.41)
0 e v ) Jmg
P, D, B/ (kc r) J_(ge) e
where g = Yn(n+1) , m'is an integer and 'n' is real and

positive. An, Bn’ On and Dn are constants that depend on

the excitation of the horn; and can be determined by applying
appropriate bouniary conditions The superscripts - and o0in
A and F, denote the corresponding potential functions for
the regions inside and outside the horn respectively. Here
the functioné En(kor) and ﬁéz)(kor) are chosen respectively
for inside and outside the horn regions since at r = O the

field is finite,and at r = « the field is infinite.

The characteristic equation for the eigen values may

be i1ormed by using the iollowing boundary conditions

i)

Er(inside) N l;’r(outsic’ie)

1) Hr(inside) \i Hr(outside) at the horn boundary

ls€e gt 6 =6, r=a
4 oy - B S =EL MR e O O
114 B, Lﬁ* 0
iv) The field is finite at the horn radius = 0, and

il Infinite &t the Fadils = k&

It is seen in Appendix ¢-1 that the characteristic

equation for the hybrid mode is obtained as,
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VAl
J. {k g )J (q% ) ) A 1 1 3
4 O.ft,ln : = 95 2 Hég) (Koao)Jm(qeo)
~ 1 sin 6 o
Jn(koao)Jm(qeo) ;2 (3.42)

ﬁl’(lg) (kO aO )Jrﬂ(qeo )

where ao is the radius of the conical helix horn and eo is
its flare angle. The primes indicate differentiation with

respect to the argument.

Restricting the consideration to m = 1, Bg(3.42) becomes,

At 1
1 i 1
Jn<ﬁoao)J1(qeo) - ﬁ£2) (k a )J1(q6 )
= ¢“sin“e_ g2 =

~ 2 02 ! A(2)
T, 2 )74 (q8,) Hye) (ko )94 (a8)
This characteristic equation can be solved for the eigen

values 'n' for any wave number corresponding to ordinal number

of the root of this equation. Thus, for typical values of

i %oy TN, fo = 9,58 GHz, the eigen values 'n' for HF_-;11
mode corresponding to the first root of the characteristic
equation are obtained for horns of various flare angles 60,

and are plotted in Fig., 3.12 as a function of 6.

With the eigen value 'n' known for the particular
horn of flare angle Go, the B -fields associated with the

horn for the HE,, mode become (see ippendix CG-1) ,
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inside the horn

et .
B _fﬂJL“_ Eim%_l Sn(kor) J,(q8) o7
Juﬁeo i
jA1kOq 2
E, = ———J (ka)J,(ge)
© wWe T i
0
“~ i At ;
J, (k. r)i,(q8) sind J, (k& r)J,(q8) i
| P ' BLOE . A Qe
1 ~ T
J,(ka )3y (g8,) J, (k2 )34(q6,)
(3.44)
. ;“lko ot '
By Jn(KOaO) J1(qeo) ;
0
25 (k. r)J, ( B 2y
-q"3 (& 1), (a8) | Inlkr)oqta®) L9
] sino + — -
7ol e ‘ ¥ a )0 (e0)
I (k a )7,(qe ) Jplk a )y (a8
outside the horn
gf2)
P k I')
1 n(n+1) n (o ~
B — == e J _(k a ) J,(q0)
r Jot r G (maty T o
n 0o 0
a(2)!
B, - J“ZEOq 3 (k2 ) f%2 Yo%) 71(a0.) .
LA T 0 0 il ) (k 2, ) i

%SZ)(kor)J1(q9) sin8_ ﬁéz)(kor)J%(q9>

\ 1 ] ej¢

ﬁéz)(koﬂoﬁﬂq@o) e 31(12) (koao)J;(qeO)
(3.45)
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Ak, J, (k a )

B, = 8 0 L ﬁ(g)'
Z g ¢ Bk ay * (koa
0 n 0 0

i J;(qeo).

,\(2) 1 /\(2)1
5 H k k
[ -Peing, ( Or)J1(qe)+Hn (k,r)Tq(a8) "

5\ 1 1 ino
ﬁ1’(12)(koao)J1(qeo) /I\—Ir(lé) (koa)J'l(qed) 5F

In Bgs. (3.34) and (3.35) ™m'is the eigen value for HB,4
mode, ( g =V n(n + 1) corresponds to HE,, mode) , and A,

is the mode coefficient for HE11 mode of eXcitation.

B ok RADIATION FROM CONICAL HORN WITH HELICAL
BOUNDARY

The far-field radiation from the horn may be
computed by the aperture field method based on the vector
diffraction formula for a circular aperfure. The transverse
electric field over the horn aperture for H]ILJH mode, is
obtained as,

Et = leEe + leEg

where, from Bgs. (3.4) and (3.41), under far-field

approximation (i.e. H'/H = =J)
i 74 (a®) o
" 2.2 s e T ot A B}/
EG_D’I ---—-—;——'J [-—gﬁ—g" anom—ﬁ(q@)] €

(3.46)
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LA & 0 n+1 ! Cy ’ Iy a9) 1 .39
g A Lagy(a®)~ 5169 —57m0 - °
(3.47)

Inserting the values of B, and By from Bgs. (3.46) and

(3.47) it becomes,

sy P ;
= S J1(e8) Cq
B, =Dy T—— 3" [ —ggmp 99", py J1(a0)] dg *
c Tlgh) - o -
] —1_-——- j i eag (304‘8)

A much simpler expression for Et can be obtained by
assuming balanced condition at the horn aperture. (Under
balanced condition E and H are related by the free space

characteristic impedance1]o).

D
Thus 51 = - j710. Inserting this relation in
B
Eq. (3.48), . B, becomes,
= —Jk i J ( e)
=B e - .n 114 ‘ Sy 39
t 01 e % [ 5t 1Ty (@0) ] (ig+tiig) ©

(3.49)

Using recurrence formula for Bessel functions, and

sinf~~ 6 for small values of O, Et becomes simpler as,
k1
n o 10

E,=J" D,

; 1 7,(20) (griig) ¥ (3.50)

g
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where D1 = a constant depending on the excitation for HE11
mode.

This simpler expression for Et enables the evaluation of
the radiated far-field by applying the diffraction formula
for a circular opening. Here, in the case of conical horn
with helical boundary, because of the fields outside the
horn even for a very narrow flare angle cone the phase
variation of the field over the horn aperture must be taken
into consideration. Assuming a quadratic phase variation
of the field over the circular horn aperture as[44,p.13%4]

ST
o -c AT the diffracted far-field[44]

’

for the HE,, mode of excitation in the H -plane (9= 1)

(see Appendix C-2) becomes,

=S -l _x*
A . 1 Mot ) o 29 A
B 6) = g6) cos 8  (

g () 2nLsinZe £ © 2 ¥

-j ma
J 0

2
B ; na02 n-1 j2n
. Ao n=1 ;(gf"_;> nt A& )

o

£5.51)

2
where Sk =ma, the area of the horn aperture

e ¥
1l

koaosine, ao being the aperture radius

T =P Ty with r, as the horn flare length
L = axial length gf the helical horn
o n! - /
andp\ (x) = G/oE J (x), is the Lamda function.



The radiation pattern for the HE11 mode 1is
evaluated on the basis of Bg- (3.51), and the results are

shown in Fig.2%.13.
2553 THE AXIAL GAIN OF THE CONICAL HELIX HORN

The total power PJC crossing the horn aperture can
be evaluated by considering the cone region as a

spherical cap of radius L.

Thus the total power crossing the spherieal cap

of radius L in the cone region is given by
e . = —%*
Py ® il | {y (By x Hy ) ds]

Inserting Et from Bq. (3.50) and remembering that

iy

t:EL/

/1o with the

, it is seen in Appendix C-3 that Pt’
assumption of sin® =~ 6 for small angle cone, is obtained

as,

2 2 “Uod 2 2
=4 /s S
No

The on-axis gain is given by
1 B = s
T ' ;é 4rr

max
¢(0,0) = P 03253

Mo %

t is shown in Appendix C-3, that
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g

2 E¢ = 4D12q2 sin® jfg__ ,and thus- the gain becomes,
{maX 2)\‘ T,
0
na 2
16 sin® —
2 AOL
o R £ (3.54)
eo [JO (qeo)"'J»] (qgo)]
a'O
Bince @ owv——
e
na °
16( £ )® s1n® —Q
%o 2)\OL
e > 3 (3.55)
Jo (a8y)+7,%(g8,)

The axial gain of the conical helix horn based on

Eq.(3.55) is obtained for the typical values of 8,L,2, and

fo; and the result is shown in Pig.3.17

5.5.4. CONICAL HELIX HORN WITH DIELEGTRIC SPHERE IN
FRONT OF ITS APERTURE

The technique of dielectric sphere mounting discussed
in Sec.3.4, to improve the radiation patterns with better
directivity and low sidelobe levels, is applied to the
conical horn with helical boundary also. The test feed
system with dielectric sphere placed in front of the horn
aperture is shown in Fig.3.11a and its equivalent optical

system for theoretical treatment by considering the system
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as an aperture source illuminated microwave lens is shown

in Fig, T8

As in See. 3.4.1 , following the method due to

Bakefi and Farnel [9] , the radiated far field is obtained as

/ 2 e—_J_._lf_O_r_n O\m 1
\Li(e) = e Bl A k r ) Of 111(0‘)JO(%?G“Sln6).
o ~dkvio~) (3.56)
°© o~ do~
. - 5 Lo a 3
with ui(o\) =a [ P(w) TE, TE, Q%EEE Eﬁf ]

where P(y ) denotes the field pattern (power) at the sphere
oif-set position. In the case of conical horn with helical
boundary, because of the fields outside the horn, the
aperture field ﬁt given by Eq. (3.50) can be taken with
good accuracy as the field at the sphere placed near the
horn aperture, All the other quantities are as specified
in See. 3%.4.1 . The radiation patterns are computed by
evaluating the integral in Eq. (3.56) by Simpson's rule
inserting the value of ui(o\); and computed results are

plotted in Fig. 3.14

3.,5.5 BEXPERIMENTAL OBSERVATIONS

Experiments were carried out at fo = 8.64 GHz with
a conical horn of radius a, = 3.7 emy L = 10,5 em and half
flare angle eo = 110, having a helical boundary formed by

winding 14 SWG (2.2% mm dia) copper wire on an expanded
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polyethylene conical base. The conical base was only a

thin shell of polyethylgne supporting the wire, in order

to have no effect on the performance of the horn. In

Fig. 3.13 the theoretical results based on Eq- (3.51) is
pPlotted together with the experimental results of B-and

H -plane pattern measurements. The reasonably good agreement
noticed between the theoretical and experimental results

of the H -plane pattern shows the validity of the assumptions

made in the derivation of Bg. (3.51).

The E -plane pattern of the horn with helical
boundary is seen broader than the H-plane pattern due to
the fields outside the horn. 4 'flat topped' effect to
the pattern is also noticed which, eventhough not desirable
for maximising the gain, is useful for giving constant
illumination over a specified'area, The sidelobe level

remains similar to that of a plain horn.

As the conical horn with helical boundary has a
broader E -plane pattern than H -plane, which is opposite
to that of a conventional conical horn, it was considered
that a combination of these horns may have equal E-and
H -plane patterns. Accordingly the helical horn of the
above specifications has been excited by starting the helical
horn from the inside of a conventional conical horn

supporting TE11 mode at 8.64 GHz. The radiation patterns of
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Such a horn are shown in Fig. 3.14.

Experiments were repeated'with paraffin was (2r=2.25)
spheres of diameter 9 cm, 6 cm and 4 cm placed off-set at
the minimum input VSWR position [74] in front of this
horn (with equal E-and H -plane - beam widths) aperture.

The radiation patterns are shown in Fig. 3.15. 1In Fig.3.16
the theoretical pattern based on Eq.{3.%56) is compared
with experimental pattern for 6 cm diameter sphere with
reasonable agreement. The gain variation of the system as

a function of the dielectric sphere diameter in wavelengthg

ig gepicted an Fig. F47

From the results, it is seen that the conical horn
with helical boundary excited by a flared out plane horn
has desirable radiation characteristics, with flat tops,
to be used either as a satellite antenna for giving constant
1llumination to a section of the earth or as a feed for a
reflector antenna. (The phase center of the helical horn
differed in the E-and H -planes. This was because the
E -plane had an effectively larger aperturethan H -Plane.
However, the difference between the two centers was
generally small. The VSWR of the conical helix horn was
small being 1.10. The conical helix horn that can be used
for circular polarisation is relatively wideband and light
weight. The radiation characteristics of this horn may be

improved considerably with reduced -3 dB beamwidth, higher
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FIG3.17a _DIELECTRIC SPHERE LOADED HELIX-
CONICAL HORN

AA _ APERTURE PLANE

BB _ THE EQUIVALENT CIRCULAR

APERTURE THROUGH THE CENTRE
OF THE SPHERE

FiG. 2. b - OPTICAL SYSTEM FOR THE GEOMERRY
OF #5311 a
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gain and low sidelobes by dielectric spheres mounted at the

horn aperture.
e CONCLUSION

The radiation properties of dielectric loaded conical
horns have been investigated. A plane conical horn with
dielectric sphere mounted at its aperture is found to
possess greater forward directivity. The effect of dielectric
coating on the horn wall has been investigated to establish
that dielectric coating helps in narrowing the radiation
pattern and increasing the gain at the cost of slight
deterioration in the sidelobe levels. The technique of
dielectric sphere loading in ffont of the radiating horn
aperture is effectively utilized to improve the radiation
patterns of the dielectric coated conical horn with reduced
sidelobe levels and further increase in directivity and
gain. The radiation characteristics of a conical helix
horn have been analysed using spherical hybrid modes. A
'flat topped effect' to its pattern which is useful for
giving'a constant illumination over a specified area has
been noticed. The conical helix horn excited by a flared
out plane horn is seen to have desirable radiation
characteristics with approximately equal E-and H -plane
beamwidths to be used either as a satellite antenna or as

feed for reflector antenna. The horn is seen to possess
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increascd directivity and axial gain with reduced sidelobes
in the presence of dielectric spheres in front of its
aperture. The dielectric sphere mounting at the conical
horn aperture contributes a variable beamwidth facility

to the system.



CHAPTER IV

DIELEGTRIC LOADED BIGONICAL HORN

4.1 INTRODUCTION

Barrow et al.[12] have done some significant work
on biconical horns which have omnidirectional horizontal
radiation patterns and controllable vertical radiation
patterns. These biconical horns find frequent use in
the VHF - UHF band for broadcast purposes. Recently the
importance of biconical horns which radiate circular
polarization has been discassed [87] for use with radar
transponder beacons. Bventhough the use of dielectric
materials for improving the directivity of some aperture
antennas has been well establishea [48]1,[50],[134], no
substantial work has been done on dielectric loaded

biconical horns for improved radiation characteristics.

In this section the analytical and experimental
results of the radiation behaviour of a dielectric loaded
biconical horn which radiates circular polarization are
presented. Theoretical results of radiation pattern and
power gain are derived from an electric vector potential

by the aperture field method. The characteristic equation
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for the separation constant has also been derived. The
calculated results of radiation pattern and gain of the
dielectric coated biconical horn have been experimentally
established using a test horn designed to radiate circular
polarigation [87] in the X¥-band. It is concluded that

the pattern directivity of the biconical horn in the
vertical plane is significantly increased due to the
dielectric coating, and a desired beamwidth in the wvertical

plane may be obtained by a suitable dielectric coating.

4.2 GEOMETRY OF THE HORN

The geometry of the dielectric coated biconical
horn is shown in Fig.4.1. The principal axis of the horn
coincides with the y —axis, and the sides of the cones
if extended to their apexes would meet at the origin of
of the spherical co-ordinate system (r,0,8). The
eXclting means may be situated at or near the origin
which is & singular point in the analysis. The conducting
symmetrical biconical horn of apex angle 260 is coated
with a dielectric material of permittivity €4 B0 that

the apex angle of the coated horn 1is 261-

4.3 ANATYSIS OF THE FIELDS

Waves are excited near the origin of the system
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and propagate outward in the space between the cones.
The transmission properties of these waves within the

horn region (between cones) may be obtained by making
approximate solution of the Helmholtz's wave equation

in spherical co-ordinates satisfying the boundary
conditions. In order to satisfy the boundary conditions
hybrid modes (HEmn modes) having both B, and H, components
( r is the direction of propagation) are to exist. Horn
waves of the transverse electric type (1E modes) having
both Er and Hr components may be obtained from an electric
vector potential F that has a single component in the

6 direction only such that F = Ie ¥ and satisfying the

wave equation [52],([129]

1 g_,_ (rz af’l ) & .1. 315 (Sil’le —a_w ) +
£2 Ot i r2sing O 26
2
'j"r"’""'?' .Q.,.,[t[. i k2 ¥ =B (4.1)

AN N
r~sin©6 6¢2
4pplying the method of geparation of variables to

Bq. (4.1) the potential function U can be oblained as

N m jmg
T = Bn(k r) T, (cos®) e (4.2)
A
where Bn(kr) = modified spherical Bessel fuaction

Lﬁ(oose) = A ssociated Legendre functions
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m = an integer, and n is positive and real corresponding
to the order of the wave in the horn designated by the

ordinal number of the root of the characteristic equation.

But is is to be noted that ¥ will be different
for the two regions, viz. the dielectric coated region(Reg.I)
and the horn apex angle region (Reg.II). The proper forms
of § for these two regions can be taken from the following

reasoning.

In the dielectric loaded region there will be
standing waves due to reflections from the air-dielectric
and metal — dielectric interfages. Since ﬁn(kr) and
@nﬁkr) (i.e. modified spherical Bessel functions of the
first kind and second kind respectively) exhibit oscillatory
behaviour for k real, these functions represent standing
waves; but only En(kr) ig finite at.x = O: Henge for
the dielectric coated region (Reg.I) the proper form of

N A
Bn(kr) = Jn(k1r).

where k1 =D i 81

S e m i m ph
In general Ln_(oose) g, ¥ (cosB) + D, EF (cosB)
where, PE (cos®) = issociated Legendre function of

thes fieast leind.

il

Qﬁ (cos®) = issociated Legendre function of

the second kind.
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and Cn and Dn are constants.

For the dielectric coated region, since 8 = 0 and 6 = 7

are expluded, +the genéral form of

m

I i et
L. (cosB) 5 Pﬂ

m f o
1 (cosB) + D, 9, (cosB)

is %o be taken.

For the horn apex angle region (Reg.II) , i.e. the region
A
of horn apex angle 261) Bn(kr) should be replaced by

(2
Hé )(kor) to represent outward travelling waves. ( Here

li

kK = W V“o g;). Similarly for this region since 6 = O

0
and & = 1 are included, and Qi (cos6) = 0 for 8 = 0 and

8 =1w , Lg (cos®) becomes only Pi (cosB), Thus the
proper forms of the potential function Y for the dielectric
loaded and the horn apex ongle regions respectively

become

el
|

FaY L e T I T j
= 8,0002) [0,28 (cos) + a0 (0s0)] &3, o

T = s ﬁé2>(kor> Pi (cos0) ejm¢

li

where k_ LQ'V“O ¢ and ky =W Vuoe . The subseripts
€
1

'd' and 'o! denote the dielectric coated and the horn

apex angle regions respectively.
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Using Bgs.(4.3) in the appropriate field relations
[5.2]it is seen in Appendix D-1 that the different field

components in the two regions are obtained as,

In the dielectric coated region

B . = BT leop) 1) (oose oI
rd rsind ¢ el ) n )
J. ik r) ' j :
- 17> Al m jmg
Byg [ ——— * ky Jn(k1r) ] I, (cose) e
T
Egq = ©
1 ! a m
H , = [k, J_(k,r) = I (cos®) +
rd s, e T §gg D
= ;
ek (k1r) g I (cos®) ] eJm¢ (4.4)
g By 2
s m A d m j @
H = ——— g J
ga Wy, rsing Jn(k1r) 36 Ln (cos6) e
5 .
Hog = _7,1 k12 7, eat) Lﬁ (cos8) o I8
J W kg

where Lﬁ (cosB) = + 18 Pﬁ (cosB) + DnQﬁ (cosd)

and the prime indicates differentiation with respect

] W
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In the horn apex angle region

_ogim B :
Bra T R Ve nogld) (x r) PP (cos8) L
rsing . o n
ﬁéz)(kor) -
= 1 3
Eﬁo [_—_HET“-_- + ko'ﬁé ) (kor) ] FﬂPg (oose)eam¢
Eeo = 0 (445)
H = ——fﬁ;— [i3g ﬁ<2> (k. r) i P2 (cos8)+
La Juw pg [+ | 0 dg 1

% 28 (x r) :_e P® (cose) ] o I

oL Il " A ;
Hﬁo — Héz)(kmr) 3 Pg (cosb) eamﬁ
W Uarsing 08
oy
HG i -LQ"—%I(lz)(k T) p (cosd) eJH@
* T Hg 0 n

The value of the separation constant n can be
obtained from the characteristic equation that can be
derived by applying the appropriate boundary condition
and by matching the fields at the air—dielectric interface

1.8. at & = 61.

It is shown in Appendix D-2 that the characteristic
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equation for the HE1n mode (m=1) is obtained as,

1 1 G 1 Bl
[Pn(ooseo) Q, (00561) Pn (coseq) Q, (ooseo)]ae Pn(cose1)

1 ) 1 1 0 1 1
[Pn(coseo)gg Q (cose1> —Qn(coseo) 7 Pn(oose1)] Pn(cose1)

1 + (k1r) -

= (4.6)

1 + (kor)

The above characteristic equation is valid for any value
of r < L where 1. is the flare length of the horn. This
equation can be solved graphically for typical wvalues of
60, 645 €4 and fo:and the value of n for HE11 mode can
be determined by taking the first root of the above

characteristic equation and was found n = 0.5 for the

typical values used.

4.4 RLDIATION FROM DIELECTRIC COATED BICONICAL HORN

The radiation properties of the dielectric loaded
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biconical horn may be calculated by the vector diffraction

formula using the general procedures [12],[13]- e
assumption is made that the field distribution between
the edges of cones is that which would exist were the horn
not finite in length. (The magnitude of the electric
intensity in space over a sphere of radius great compared
to both_%o and the dimensions of the horn comprises the
radiation pattern). Thus using the vector diffraction
formula[12] the radiation pattern in the vertical plane

( B -plane with @ = n/2) for HE,, mode is given by

=i T .
0 _ jkr cos(e_.-8)
E (8) = jk = (1+cose) [[ By e ©° Ao
O 4nr S (4—-7)
where ﬁ% = the transverse E —field in the horn apex angle

region and is given by
Bo= 1 i 2=
By= o Bog * W |,y # ™o |pep, (sime By =0)

= eo

and r,=xthe horn axial length.

It is seen in Appendix D-3 that an approximate expression

for the vertical pattern may be obtained as,
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—jkor

B R . I G g i
e(e) JBym - (1 +cos0) i No

% e
) o

M{C(u1 )=C (uy) =j [8(uy)-5(uy) ﬂp

I’{C(v1)-C(V2) -3 [S(V1)—S(V2)]S (4.8)

/\(2)
! H ok X

=i s £ v o o Jk r
where E, = B ( k H_ (koro) * ) e 00

15
]

with EO as a constant depending on the horn excitation

12 (1) 3(ve1)e
M=e 4 =

J Ao v2 -J(ve + g
R P
2
R =

2r0 4
%m v 2ro
v, =[ 6, = 0 + —— — —_—
. 7L By
21‘0 0
Yo v . /%
Vo W el = S —_ :
2 [ 1 2r i )\O

(In the above expressions v denotes the value of the

separation constant for the HE,, mode )
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The radiation pattern based on Eqs. (4.8) has been computed
for typical test values and the pattern thus obtailned is

compared with the experimental pattern in Fig. 4.4

45 POWER GAIN OF DIELECTRIC CQOATED BICONICAL
HORN

The %total power P, transmitted through the horn

t
may be calculated by integrating the power density flowing

in the radial direction over a closed surface of r = ro,

a constant, between the two cones. Accordingly it is shown

in Appendix D=4 that P, for the HE11 mode can be derived as,

t

P_t - (4—-9)

where |B| =B (k| ﬁ§2) (k) + " 0" 0 )

The gain of the dielectric coated biconical horn is

given by

G = (4.10)

By using Eqs. (4.8) and (4.9) in Egs. (4.10), the gain

is obtained as,
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5 e 8 A = St 228
: = : 2
§ sy [[o(u, q)=cu,5) ]Z +[8(u_4)-8(u_,) ]
2N, 8, |V :
, e 2
///P_hm_, — SR
+ [C(Vp'])"c(vj«Q)] + {S(Voﬂt)“’s(vmg)]
where Tt
/ i ) . [ 4 >\0 (V+1) 0 ] er
{ | 2% 0
K\HOZ CoAMRR A

The gain based on Eq.(4.11) has been computed for typical
values and is found 1n agreement with experimental

results.,

4.6 EXPERTMENTAL RESULTS .ND GOMPARISON WITH
THEORY

In order to investigate the radiation properties
of the dielectric coated biconical horn, and to examine
the validity of the expressions derived, a biconical horn
for cirecular polarization [87]was designed for the
specifications detailed in Fig. 4.1. The biconical horn
was coated with paraffin wax (gr = 2.25) for an angular

: ® 3 E
thickness of 2.5, and measurements were made for HE, 4
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mode excitation of the horn at a frequency of 8.86 GHz.
In Fig.4.2 the H —plane patterr of the dielectric

crated biconical horn together with that for the empty
horn is depicted., In both cases, the H —plane pattern

is fairly circular, the maximum variation from uniformity
is + 2.3 dB which is of no practical consequence, as Tt
greater variations are introduced by terrain, buildings
etc. It is to be noted that the variations fron
uniformity is less for the dielectric coated case. The
E —plane patterns of the biconical horn with and without
dielectric coating are shown in Fig. 4.5 . The inorease
in the vertical pattern directivity, at the cost of
slightly raised secondary lobes, due to dielectric coating
is evident. The E —plane beamwidth of the biconical horn
is considerably reduced as compared to that of the empty
bicenical horn. The reduced beamwidth that indicates a
stronger concentration of energy in the equatorial plane
will result in an increased power gain, In Fig.4.4 the
E -plane pattern of the dielectric coated bicecnical horn
based on Bq.(4.8) is compared with the experimental
results., The falrly good agreecment between these two
patterns upholds the validity of the assumptions and
approXimation made in the derivation of the E -plane
pattern. Theoretical value based on BEq.(4.11) and the

experimental value of the power gain are found almost
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the same, being 21.5 and 22,7 respectively, thereby
establishing the validity of Eq.(4.11). The power gain
(experimental) of the empty biconical horn was found to
be 12, Thus, the power gain increases approximately

by 2.7 dB due to dielectric loading.

From the results presented, it may be concluded

that

i) the vertical pattern directivity of the biconical
horn can be increased significantly, at the cost
of slightly raised secondary lobes, due to apprepriate
dielectric ccating.,

ii) the B -plane pattern beamwidth of the dielectric

coated biconical horn is considerably reduced and
the power gain is lncreased as compared to the
respeotive quantities of empty horn.

344 ) the herizontal pattern of the dielectric cerated
biconical horn is fairly circular with less variation
from unifeormity as compared with that for empty
horn; and

iv)  the circularly polarised dielectric coated biconicnl
horn can be used to give an omnidirectional pattern
in its H -plane orlentation to serve the useful
purpose of telemetry and command during the launch

and orbltal phases of a spacecraft's (or satellites)
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life, and once the spacecraft (or satellite)
becomes stabilised correctly, the same horn

with its B —plane orientation can be used for
concentration of energy toward the surface of

the earth . This antenna which radiates circular
polari®atinn can also be used conveniently with

a radar transponder beacon responding to a ship's

navigational radar.

CONCLUSION

-+
.
-1

The technique of dielectric loading in improving
directivity of aperture antennns has been applied to
biccnical horns. Thenretical results of radiation pattern
and gain are derived from an electric vector potential
by the aperture field methrd, and are established in
excellent agreement with thelr experimental values.
Dielectric loading is found tn modify the E —plane pattern
of biconical horn with reduced —3 dB beamwidth at the cost
of slightly raised secondary lobes. Thus desired beamwidth
in the vertical plane may be obtained by a suitable
dielectric loading. The H -plane pattern which is fairly
circular is improved in the sense that the variation
from uniformity is less with dielectric loaded biconical

horns.

CENTRAL LIBRARY UNIVERSTTY OF ROORKER
ROORKEE



CHAPTER v
DIELECTRIC SPHERE-LOADED GORRUGATED HORH

5.1 INTRODUCTION

The corrugated horns are very useful as primary
radiat Or8 for reflector antennas for satellite communication
earth stations and radio telescopes because they have
patterns with rotationally symmetrical main beam and low
sidelobes. The importance of corrug=ated conical horns as
low noise feeds for reflector antennas has been stressed
by several authors [25],[95],[98]  analytical and
experimental studies made on the radiation properties of
corrugated B —plane sectoral horn [99],[101] have established
its desirable features to be used a8 an improved feed system
for paraboloidal reflectors in satellite commnication
and radio astronomy. In this section, results of the
investigations carried out into the radiation properties
of corrugated horns for producing multiple beam or variable
beamwidth feeds for paraboloidal reflectors are accounted.
Two of the most commonly used hybrid mode reflector
antenna feeds are considered with dielectric spheres
mounted in front of their apertures. First the analytical
and experimental studies of the radiation behaviour of

dielectric sphere mounted corrugated E -plane sectoral horn
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are made; and the results established that dielectric
sphere loading has increased the axial gain of the horn
with the radiation patterns having reduced-3 dB beamwidths
and sidelobes. A variable beamwidth facility was available
at low input VSWR performance with spheres of different
dimensions placed at the optimal position in front of

the radiating horn aperture. Then the same technique of
dielectric sphere loading is applied +to corrugated conical
horn also for improving its performance. In both the
cases the theoretical formulation is made on the basis of
the scattering theory approach. Experimental data show

reasonable agreement with theoretical results,

B A CORRUGATED E -PLANE SECTORAL HORN WITH i
DIELECTRIC SPHERE IN FRONT OF ITS APERTURE [68]

The results of radiation characteristics of a
dielectric sphere in front of an excited corrugated E-plane
sectoral horn ‘together with the design aspects of the
horn are described. Theoretical formulation of the
radiation behaviour is based on the scattering theory
approach, Experiments were carried out with the test
antenna system consisting of paraffin wax spheres kept
off-set at the minimun input VSWR position in front of
the aperture of the horn excited in the balanced HE

11
mode, The test results have shown that such a feed systen
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has promising radiation pattern with low sidelobes and
greater directivity together with a variable beamwidth
facility to be used as a feed for paraboloidal reflector
antennas for possible applications in satellite

communication axnd radio astronomy.
5e2s1 ANATYTICAL TREATMENT

Geometry of the test feed system is shown in Fig.5.1.
Dielectric sphere of radius 'b' is placed in front of the
radiating corrugated E -plane sectoral horn aperture, AS
the effect of placing a dielectric sphere in the vicinity
of the radiating horn is expected to modify its radiation
pattern, the system can be treated as a scattering problem
and can be analysed on the basis of scattering theory

apProach.

In the case of a dielectric scatterer , the total
eleetric field vector E at any point can be related to

the incident field ET by the expression

Blryo) = B v R o Gl ple -]
: S g

s s !
rl o Jk(r-r ') '

ds (51)

|z |

where r = position vector at the point of observation
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r = position vector of a typical point on the
scatterer

e relative permittivity of the scatterer

s' = the surface area of the scatterer.

Since we are interested only in the far-field pattern,
Eqg. (5.1) can be written for a homogeneous spherical

scatterer of radius 'b!'[15] as,

2
B lp =l e X s
B (0,8) = BL(8,0) + ~2e—Foe [. [ Bv,et,8) .
o 0 41 0 0
< -
o co8Bcosd! +sinbsinet' 1l cos(@-g')
- 4 } 1])2d§25' sing'de

(5,2

after the vector operations and the usual far—field

approximations have been carried out on the factor

= 1
q—Jko(r—r )

<

jr=z"]
Here El(6,¢) = the radiation field of the open ended E-plane
sectoral horn (without the presence of dielectric sphere)

and the integral +term represents the scattered field Eg(e,ﬁ).

To facilitate an easy evaluation of the factor with
integral representing the scattered field component Es(e,ﬁ),
the co—ordinates of a typical point on the spherical

scatterer is taken as (b,n/2,8'). Thus Eq.(5.2) can
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be written as

) W PR L :
WGy - i e e

jkob sinecos (@-g')

e .b2d¢'sine'de' (5.3)

Now it is assumed that the effective field incident on
dielectric sphere kept in the vicinity of the feed horn
is the same as the radiation field of the isolated feed
horn. This assumption is particularly true for wide
flarc angle horns as edge diffraction will be minimal in

such cases.

Narasimhan and Rao [10l] have discussed the
radiation properties of a wide flare (10° < a, < 70)
corrugated E —plane sectoral horn, and have shown that
for such a horn supporting balanced HE11 mode, far-field
pattern in the E -plane can be given in terms of a

spectrum of cylindrical waves [52] as,

=ik r i - cosna
E,(6) = & 2. 5 " exp (jue) —2O
nr qm =— oo (1__ £ )2
q
1 5.4)
r‘ t ( ]
@)

n (kOrO )
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where
C_{ == o m———

2a
0

il

; g e
A k B Hn

1 (lfrr
2aq
0

o)

a = the width of the corrugated B -plane

a_ = the half flare angle of the horn

0
r = the horn flare length
kr = the propagation constant.

E1 = modal amplitude depending on the horn
exXcitation.
In fact to get the near field from this radiation field,
the near-field far-field transformation technique sugpested
by Ludwig [81 Jcan be used. But from the nature of
radiation pattern given by Bq. (5.4), as it has eJ0@
variation, it is suggested that the same form of the field

can be taken for the near—field also.

: g
Thus expression for the scattered field B becomes,

2
BS - ko (er—1) s S -
ma*nafmm—oj‘ of 4

ing! Jk b sinécos (g-@*)
e & Lt

b° .adeing’ as’ (5.5)

where —-jk »r

L, e O_ ZaAL 5 (j)n _cosnao 1
0 nr qna n=-oo (1= 2)2 H(Q)!(k &5
q n o o



It is seen in Appendix B that the integral is evaluated

to get the srattered field ag,

i
& o ke (er—1) 5 1 + cosnn
0 ——— A b 27 T (k bsing)
4_71; 0] 0 ©) (5 06)

(1-n2)

and inserting the value of AO, scattered field becomnes,

1

s e o
k " (e,=1) 0

8 e 2ai 2 i
B & b J (k bsine).
S 2 nr 2 O( 0 )
qm
¥ I cosna
1 1+ sn
n;§n J 0 (1+ cosnn) (5.7)

(1= 2 328 Héz)'(k .+ (1= n€ )

It is seen that the scattered field has non-zero value
only for even values of n(n=0,2,4...) including n = 0.
From BEgs.(5,2), (5.4) and (5.7), the B -nlane pattern of
the corrugated E -plane sectoral horn excited in balanced
HE11 mode in the presence of a dielectric sphere of radius

'p' in front of its aperture is obtained as,

B = gt 25
e(e) Ee(e) + Ee(e)
i t
L'rh . 2adl - jn cosna
- E 0 -
T ch 2 n=-co

<1-§)2 H<2>'<koro>
n

[od18 k02< er; )b? 7, (k_Dbsine) {I+cosan) ]1(5.8)
- (1=-n%)




-101L-

and taking the real part of e9®, 4ne Eg(8) finally becomes,

—jkor ¥
Ee(e) s eﬂr 2ag 5 j% cosna '1
qmn n= (1__11)2 H(Q) (k T )
q n 0 o
2
E Tlai=1)
[ cosng + -2 b2 Jo(kobsine) (1+cosnn)

(1-n2)
(5.9)

Thus the scattering theory approach, under the
appropriately mentioned assumptions, yields results without
any complexity of mathematical operations. The radiation
pattern has been computed by substituting typical test
values of G s T ,b and e, in BEq. (5.9), and the results

are shown in Fig. 5,2,

5.2,2 DESIGN ASPECTS OF THE CORRUG.LTED E-PLANE
SECTORAL HORN

issuming that a balanced HE11 hybrid mode exists
inside the horn, the corrugation depth to support such

a HE11 mode is given by,

T
h o= 4 L {5.0)
v k 2. (L2
a

’
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and a = the E - plane width of the corrugated horn.

When the input X~band waveguide feeding the
horn (with a = 0,9 inch) supports the dominant T8, , mode
at an operating frequency fo = 8,8 GHz, the value of
- corrugation depth is found to be .

h = 1.3 en

For the realization of an impedance boundary from
a corrugated surface, which is essentisl for the analysis
of fields in the axial region of the horn, the corrugations
are to be infinitely thin and sufficiently closely spaced.

This conditions is listed as,

Do 10 (5.11)
we+E T
where,
= the corrugation thickness
and . w = the corrugation width.

For the typical sectoral horn, it is taken

t=w= 0,15 cm so that

Mo 3.5
— = et > 10 512
w+t 003 ( )

For the phase error over sectoral horn aperture
to be minimum ( maximum allowable phase error is 45°) the
H -plane aperture dimension of the horn bo has to keep
the relation with }\O as,
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b
0
£ 847 (4.13)
No
The horn flare angle is designed using relation
a = cos™ ! i%— where L is the axial length and r  the
0

flare length of the horn, Now choosing koro = 18, the flare
angle and H -plane aperture dimension of the horn

respectively are found to be

a

o 1
O 15", ang bO B2 om

The corrugated B -plane sectoral horn was fabricated
as per the above design specifications. Corrugations were
introduced only after a certain distance ( = 1.5 cm) from

the horn throat so as to obtain a low input VSWR,
5.2.3 EXPERIMENTAIL RESULTS

Experiments were performed with paraffin wax
(er =2.25) spheres of dlameter 9 cm, 6cm and 4 cm placed
off-set in front of the sectoral horn of the above mentioned
Bpecifications excited in +he balanced HE11 mode at an
operating frequency of 8.64 GHz. The sphere off-set
positions were determined expérimentally for minimum input
VSWR  performance [85] ,and the optimum off-set positions
were found to lie between 1.1 em and 1e4 cm from the horn

aperture for the 3 sphere sizes tested. Theoretical results
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of the E -plane radiation pattern based on Bq. (5.9) are
computed for the dielectric sphere of 6 cm dia and are
compared with experimental data as in Fig. 5.2. There is
reasonable agreement between these two results. The E-plane
and H -plane radiation patterns for different sphere
diameters were obtained, and are shown in Fig. 5.3 and
Fig.5.4 respectively together with those for the
corrugated sectoral horn alone. The axial gain of the
antenna system was determined experimentally by the
substitution method with a standard antenna of known gain
(pyramidal horn of gain ~52); and measured values of gain
are checked by the approximate formula G = 41253/6E9 ;
where 6p and eH represent-3 dB beamwidth in degrees in
E -plane and H -plane respectively. Results of the on-axis
gain of the system thus ‘etermined are plot¥ied in Fig.5.5
as a function of the dielectric sphere diameter in
wavelengths, The corrugated E -plane sectoral horn gain
without dielectric sphere loading (experimental) is also
included for comparison. It is found that the on-axis
gain of the system increases in excess of 2 dB than
that available from the corrugated B -plane sectoral horn
of the same dimensions., Dielectrie sphere loading results
in reducing the sidelobe levels. The system also has
reduced-3 dB beamwidth, and low input VSWR together with

2 multiple beam possibility. Decrease in beamwidth due
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to dielectric sphere loading is shown in Fig. 5.6 as

a function of sphere diameter in wavelengths.

From the observations that the antenna system
has radiation patterns with reduced-3 dB beamwidths and
sidelobe levels, it can be concluded that the test feed
system may be used as a variable beamwidth feed with
better directivity and low sidelobes for paraboloidal
reflector antennas for special applications in radio

astronomy and satellite commnication.

e A CORRUGATED CONICAL HORN WITH A DIELEGTRIC
SPHERE IN FRONT OF ITS APERTURE

The effect of placing a homogeneous dielectric
sphere in front of a radiating corrugated conical horn
has been investigated. The theoretical treatment of the
radiation characteristics of the device is based on the
scattering superposition using electric and magnetic
vector potentials. Calculations based on this formulation
show good overall agreement with experimental results of
radiation pattern and directivity measurements. It is
seen that dielectric sphere-mounted corrugated conical
horn has directivity in excess of that of conventional
corrugated conical horn of the same dimension . The

system can be used as a highly directive feed with low
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sidelobes for Paraboloidal reflector antennas. The feed
system also possessess a low input VSWR due +o the
aperture-sphere Beparation, and a multiple beam Possibility
depending on the diameters of the off-set spheres in

front of the horn aperture,
5adel THEORETICAL FORMULATION

The device under consideration is shown in Fig.5.6.
4 homogeneous dielectric sphere of radius 'bt, and
permittivity €4 1s placed in front of, but displaced from,
the aperture of the corrugated conical horn. The modal
fields in the axial region of the corrugated conical horn
can be derived from the magnetic and electric veetor
potentials & and F each having a single component only
such that Z = T A and F = L2 By age, (T.0S) e
Scalar potential funections Ar and Fr are given by

b = oa n(k r) J3.(g8) exp (jng)

(5.14)

]

OnBn (5,7) 3, (a0) exp (jupf)

where,
B (k r) = solution to the modified (spherical)

Bessel's equation
and g = Vn(n+1) + and is obtained from the

characteristic equation[94] Jm+1(qeo) = 0, 6, being the
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flare angle of the cone ( (p-1) for HE modes and (m+1)
for EH modes). In Eq. (5.14) m is an integer,and n is
real and positive corresponding to ordinal root of the

characteristic equation as designated by the mode number,

Substitution of 4, and F_ in Bgs. (3.4) will give
interior horn field components Ee and Eﬁ; and are given,

under balanced conditions, by

1/2
B, = - % ( g%) 3 %n(kor)Jm(qe) exp (jmd)

(5.15)

a ~
By = = %n (i—‘; 1/2 B, (k r)J_(q8) exp(jmg)

The transverse electric field over horn aperture may be
obtained by Eq., (3.3); and under balanced condition (i.e.
E anc H are related by L/H =N, , the free space
characteristic impedance) the transverse electric field

Et over corrugated conical horn aperture for HEmn mode

excitation is given by,

= _ _ Gnp , Bo,1/2 (k r) i _+31 j
By == 32 (52 Bylem) I 4(a) Aytily 308 (5 o)

In case of corrugated horns with impedance
boundaries, the edge diffraction is negligible; and hence

the nature of the field incident on the dielectric sphere
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pPlaced slightly displaced from the horn aperture will

be similar to that of'Et.

Accordingly, restricting the consideration to
m=1, the proper form of the potential functions for the
€.m. waves incident on the sphere mounted in front of the
horn aperture may be obtained in the same way [52] as

for Egs. (3.6); and are given by,

. [e%e) N -
A, = n=21 a, B (k r)J, (q8) cosg
(5.17)
o ; a_ B (k r)J,(g0) sing
T Mo W i Sl i
n= 4
where a = §T8 _Af2nid)

n(n+1)

(¢

A 5 : .
Bn(kor)= Jn(kor) for r < b , b being the radius of

the sphere
A
=Hé2)(kor) forr > b, i.e. in the far-gzone,
Considering dielectric sphere as a scatterer, the

corresponding potential funetions for the scattered field

becomes,
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(o0}

nE1 b ﬁég)(kor) J1(qe) cosd

]

da

(5.18)

It

B o=nor o, 8%) (x 2) 7, (q0) sing
n=1
where bn and c, are the coefficients for the potentials
of the scattered field, and can be determined from the
boundary conditions of tangential B and H being continuous
at r = b, the radius of the dielectric spherc. As

mentioned in Sec. 3.,2.2 the constants can be obtained as,

At ~ ~ Pl
~V€1 Jn(kob)Jn(k1b) y Vean(kOb)Jn(k‘ib)

b, = a,
n oyt i A LD 3
V€1ﬁé ) (k,b)J,, (icyb) 'VGOH( %kob)Jn(k1a)
; t - (5,19)
“Veq3 G 0)F, Geja) + ye T G )T, (e, D)
" (e ‘ ; #n
Vc1ﬁ£2)(kob)3;(k1b) - Veoﬁéz) (k)3 (k,a)

ere k =
where 3 (Avuogo

sy

and the prime indicates differentiation with respeet to r.

Based on the scattering superposition technigque
[37] the total radiated field from the device can be

obtained by a superposition of the incident and scattered
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fields, and hence from Egs.(5.17) and (5.18) potential

functions for the total radiated field at any point in

the far-zone are given by

= oo T () B x) 7, (o)
A
(5.20)
F; = Nosing Z (a +c ) H( ) (k r)J (g0)

n=1
Note that in Egs. (5.,20) the funection B (k r) is taken as
ﬁ(2)(k r), the spherical Hankel function representing

the outward travelling waves, to account for the field

at the far-zone.

4s shown in Appendix F-1, the resultant expression

for the far-zone field is derived as,

=18 >
0 o
Bp) = -3 S——n 3z 2B (@ Lfy (5.21)
T n=1 n(n+1) 2 a
where,
J s} =
. G ?(q ) cosf I, - qﬂ(qe)sinyﬁﬁ
sSind
oo 1 i J1 (_qe) -
N = qJ1(q9) cos@ 3y = sing iﬁ
®n
&, * 1 + 5;
b 5, -
Bn =1 + 5; , and ie and 1¢ are unit-vectors.
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Radiation patterns may be computed using Eq.(5.21) by
knowing values of a, and B from BEgs.(5.19) for typical
values of b and g4 Results thus obtained are presented

in Plg. 5,728,

The total power Wt radiated by the system may
be determined by integrating total power flow across
an infinite sphere mounted at the origin. In this case,

it is seen in Appendix E-2 that Wt is obtained as

o0 i
W o % ng T (2n+1)

2 g
. n=1 n2(n+1)2 [ Iq(am) izanﬁn_(an+ﬁn)‘§+

2 "
Chaly <A Sl
where n_ J.4{g®)
" 1 \ S
X of [ o b J1(q9) 1< sineae

in explicit expression for Wt is obtained by an approximate
eveluation of the above integral with the assumption
sin® ~6 (This assumption is a source of error for Wt’
but as the integral term is added to the other two terms
in Bq. (5.22) to get the total power W., the percentage
of error in W, 1s very small). Accordingly, by Appendix F-2,

Wt becomes,
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oo 2 ¢
, % n w E M [ Jf(qﬂ;) J\LZQHBH —(ai +Bi)} +

! o =1 n2(n+1)2
2 2 2
2
(an +[3n) -(_qgl {Jo(q‘n) + J?(qn)} ] (5.23)
An expression for on-axis gain of the system is obtained
by 5
P(0O
G (0,0) = 2% 10102 , where P(0,0) = 1 I 2
W Eno
t max

Using Egs. (5.21) and (5.23) the gain is derived in
Appendix F-3 as,

z ale, +B,)

n=1

2 2 By (e id o i
73 (am) [20,8,~(a] 20, L2} D).
2 2
& Do(mﬁ +J&(mﬂ ]
The axial gain based on Eq.(5.2 ) has been evaluated

for the HE,; mode using typical values and the results

are ghown in Fig, 5.8

5¢3.3 EXPERIMENTAL RESULTS

In order to investigate the effect of Placing

a dielectric sphere in front of the aperture of a radiating
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corrugated conical horn, experiments were carried out
with a corrugated conical horn of the specifications

a, = 30°, h = 0.83 om, W = 0,76 om, t = 0.254 om and of
axial length L = 9 cm. (the design aspects are the

same as discussed in Sec. 5.2,2), The pattern measurements
were made for the horn excited in the HEJVI mode at a
frequency of 9.64 GHz with paraffin wax spheres of
diameter 4 cm, 6 cm and 9 cm. Spheres were kept in front
of, but displaced from, the horn aperture; and the sphere
off-set positions were determined experimentally for
minimum input VSWR performance [85] . The validity of

Eg. (5.21) for the radiation pattern of the sphere mounted
corrugated conical horn is verified in Fig.5.7a by
establishing a reasonably good agreement between the
theoretical pattern based on Bq. (5.21) and the experimental

pattern,

Experimental patterns of the dielectric sphere-
mounted corrugated conical horn for different sphere
diameters are shown in Fig. 5.7b together with the pattern
for corrugated conical horn alone. The gain variation
due to dielectric sphere mounting is plotted in Fig. 5.8a
as a function of the sphere diameter in wavelengths.

There is good agreement between experimental values of

gain and that based on Bq. (5.24). In Pig.5.8b the
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reduction in-3 4B beamwidch due to sphere mounting is

depicted.

From the results presented it is observed that

-y the off-set dielectric sphere mounted corrugated
conical horn carrying HE11 hybrid mode has greater
pattern directivity with low sidelobes.

1i) the-3 dB beamwidth of the pattern decreases as
the dielectric sphere diameter in wavelengths is
increased,

iii)  there is a significant improvement in the on-axis
gain of the corrugated conical horn due to
dielectric spheres placed in front of its aperture.

iv)  the test feed system has provision for variable
beamwidth, as the-3 dB beamwidth can be controlled

by the dielectric sphere diameter.

The test feed system can be used as a low noise
variable beamwidth feed with high directivity and on-axis

gain for parabolic reflector antennas.
5.4 CONCLUSION

The radiation properties of corrugated conical
horn and corrugated E —plane sectoral horn, with dielectric
spheres placed in front of, but displaced from apertures

of the radiating horns have been studied. Analytical results
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obtained on the basis of scattering theory approach are
established in good agreement with experimental results
of radiation pattern and gain measurements. In both cases
the dielectric sphere loading was found to narrow the
pattern beamwidth with low sidelobes and greater axial
gain. Both the antenna systems can be used as improved
variable beamwidth feeds with better directivity, low

sidelobes, higher gain and low input VSWR.



OHAPTER VI
DIELECTRIC LOADED SECTORAL HORNS

¥ INTRODUCTION

Electromagnetic sectoral horns are commonly used
as gain standards and as convenient gources of
electromagnetic radiations. Moreover there is a class of
reflector antennas [ 33 Part 2, pp 83-84 Jwhich incorporate
sectoral horns as primary feeds. But conventinnal secteral
horns with perfectly conducting walls and rectangular
aperture have certain limitatinons due to diffracticn at
the E -plane edges leading to irregularities in the E -plane
pattern, The edge diffraction also causes unequal E- plane
and H -plane beamwidths, and raised sidelobe levels.
Reflector antennas used in satellite communication and
radicastronomy need physically small primary feed£ having
greater directivity and low sidelobes ; hence the need
for improved sectoral horn feeds. Corrugated E -plane
sectoral horn was shown [99] to be a suitable improved feed
system with reasonable directivity and low sidelcbes. In
this chapter, results of investigations into the radiaticn
behaviour of two alternative dielectric loaded sectnral
horn feeds that will have the additional advantage of ease

of construction and light weight are presented. TFirst
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the B -plane sectoral horn with a suitable dielectrice
loading on the E -plane walls is discussed. Analytical
results established in reasnnable agreement with experiments
show that radiatinn patterns of such antennas have a
remarkable increase in directivity, but at the cost of
deteriorated sidelobes. Means were explored to improve
the pattern with low sidelobes; and dielectric spheres
pPlaced in front of the horn aperture were found to be
effective in reducing the sidelobe levels and the-3 dB
beamwidths significantly. inother horn feed investigated
is a dielectric loaded H -plane sectoral horn with a
cylindrical aperture. Dielectriec loading contributed

to the pattern directivity; and the circular aperture
resulted in low sidelobes. A ccordingly the feed system
studied was found to have better directivity at reasonable

sidelobe levels.
6.2 DIELECTRIC LOADED E~PLANE SECTORAL HORN [71]

The radiation properties of E -plane sectoral
horn with dielectriec loaded E-plane walls are discussed
here. The analytical formulation of the radiatinn
characteristics is made using an electric vector potential
on the basis of the vector diffraction formula, The
characteristic equation for the eigen values is also derived.

The performance of the antenna has been evaluated
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theoretically and is found to be in reasonable agreement
with experimental values. Results show & remarkable
increase in the pattern directivity at the cost of a slight
increase in the sidelobe level, Investigatioms are made to
reduce the sidelobes by paraffin wax dielectric spheres
placed in front of, but displaced from,the aperture of the
dielectric lopaded horn. Dielectric sphere loading is found
to improve the patterns of this horn with reduced sidelobe
levels and -3 dB pean widths. The feed system can be used
as a highly directive low noise feed with a variable

beamwidth facility for parabeloicdal reflector antennas.

6.2, THEORY OF GPERATTIQN

The test horn is shown in Fig.6.1. The narrow
walls (E -plane walls) of the E —Plane sectoral horn are
layered with a dielectric material of angular thickness.
To satisfy the boundary conditions, hybrid mode (having
both Er and Hr) bropagation should exist both in the horn
axial region and inside the dielectric coated region, TEX
modes will have both E and H components in the direction
of propagation (radial direction). The radial hybrid mode
field components of the system can then be derived from
an electric vector potential F having a single component
in the x -direction such that F = IX ¥ . The proper form

of the potential function ¥ in relation to horn boundary
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is gliven by,

wTE = 608 3; X cos PO Bp (krr) (6.1)

mn =

where m and n are integers, P is positive and real
dennting the eigen value of the particular mode designated

by m and n,

N oL 2 (6.2)
k. —\/lzo ( ar )
with k = 273
¥ /}0

and Bp(krr) is solution to the Bessel's equation.

The different field components inside diéleotrio
coated region and in the horn axial region for HEmn mode

are determined by substituting! '$TE " in the appropriate
mn
equations [52] » and are obtained in Appendix G-1 he,

Inside dielectric coated reéegion

P m a =
B, = =P cos = X simpe [ oJ (kg q7) + Dyp(kr1r) ]
E.= k == % cos20 [ 6I_(k_.r) +Dy. (k) 1(6.3)
od 1 COS == X cosa0 [ ¢ p 1T Yplkpq2) ] (6.
E.. =0

xd -
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o -1 mmn . o TO ! !
Hr(l 71 *-j—":s-‘l;—" a— kr.1 sin —é—X cospo [ Cg(kr1r)+D¥' (kr'lr)

1

—

s
]

B %ZE )sin %EX sinpe [ CJp (kr,lr)ﬂ)yp(kﬂr) ]

b Tabi e
o i A k.. ° cos 2+ cospd [0d _(k_, r )+Dy_(k r)]
xd { i tig r a B yp o

In the horn axial region

o oF o (2)
Ero T P cos — Xsinpe Hp (krr)
{2)!
4 e . cospd H (k_r) (6.4)
Eeo F kr cos — P iy
EXO = 0
1 (2)
on .. mn
H, == =———TFk =— sin —xcospd H (k_r)
¥ ; > g r a a P r
Hy = e 1 = sin 1“%‘ X sinp# g(2) (k,r/
o jwed > g

, 7
H"X ——-L—— k cos %Xcospe HEE ) (krI‘)

where C, D and F are constants that depend on the horn

excitation,
i sk 2
kr1 & /er k ( man ) (6.5)

€, being the relative permittivity of the dielectric

y
J
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material, and the primes on the function indicate
differentiation with respect to r. The subscripts 'o!
and 'd' are used to denote the fields in the dielectric

coated and horn axial regions respectively.

The eigen values of p can be obtained from the
characteristic equation formulated on the boundary

conditions viz.,

i) tangential E and H must be continuous at the

air-dielectric interface, i.e.

B s B
= o at 6 = Ay and r £ ro, the flare
Hrd = Hro length of the horn.
ii) Bg =0t 8= ay, and v < 1

Applying the above boundary conditions, it is seen in
Appendix G-2, that the characteristic equation for p

can be obtained as, 1

b
1 1 H(Z) ( k 1 — )
Jp(x1)yp(x2)—Jp(X2)yp(X1) k 4 P T 2sindy (g oy
1 ! t 1 . k 1 b'
P T 2sina
. 1
b,
where x, =k
1 r] ZSina1
]
b
-k 2

X it
g i 2sinao
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] 1
In above expressions for X, and X5, b1 = Qét

b
denotes the transverse distance (along ¥ =direotion )
corresponding to any distance r L3 r, at the angular

]
location /6 = a, b = the transverse distance

’ 0
corresponding to any radial distance r £ r., at the
angular locatirn 6 = a , and é' = the dielectric coating

thickness at that distance for witigh © < ¥, %

i 1 1 t
(It may be noted that b1/2r = sina,, and bo/Zr = sina_
where r' represents any distance r < r., the horn flare

!

! 1
length; and at r = T s bo *h, End b1 = b1 and § = §,

the resvective quantities at the aperture).

This characteristic equation for the HEmn mode is
solved graphically for the eigen value P of any hybrid
mode by substituting typical values of Xq9 %53 kr and kr1
(k,, and k.4 can be obtained from Bgs. (6.2) and G5 )

in Eq. (6.6). The eigen value P for HE mode for the

i
test system was found to bE o 0,8

6. 2,2 RADTATION FROM THE DIELECTRIC LOADED HORN

When the radiating aperture is a horn aperture,
the phase of the fielgd in the aperture is not constant,
but varies with position in the aperture. From the nature
of the aperture, when the flare angle a, < 200, quadratic

field phase variation [44] of the form
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: 2
LIIY = g Ag

(i, o 2n/k, and R = the horn axial length)

g
is a reasonable approximation. The radiated far-field from
the dielectric-loaded horn can then be obtained by the
aperture field method based on the vector diffraction
formula., For this, the transverse eleatric fisld EJC over

the horn apertue is given by,

E, = 1B, + iyEy (6.8)

In obtaining a Simplified expression for Et’ the following

approximations are used

ly":"’ iy Ey:\:Ee

(These approximations are true if ¢, is not large i.e.ao<300)
Thus E, has only a single component Ey (since E, =0 in
this case), and is given, by Egs. (6.4) and (6.7), as

. 2
= B

1
- () r
E_t P.kr cns —a X Coupe Hp (krR) e )‘g (609)

By the vector diffraction formils, [44],[66]J the radiated
far-field in the B -plane ( g = n/2) is given by,
jko R —jkor jkoysineds

EG(G) = (1+ Rf cosp) = = éf i“t‘ ;

(6.10)
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i.e.
' =Jjk 3

E (G) % e B { e L = : (2)

6 e T c080) ~—— P B3™" (kR).

r 2
: by /2 =3 7R g :
fa/2 Jj/ mn J?;, XR JkoySan
/o eud == X puspd a g e dxdy
.- ~b,/2

For the flare angle 10 SR BOO, it can be assumed that

52— i —%— ;, and with this approximation,
1 1
: b gl
J k I !
o (8) e {17 £ cost) FH;" (K R) .
a/2 b, /2 2q
f COSM Kodx f COSP-—-l
a b &8
—a'/2 —b1/2 1
1 y2
= e e Jjk ysine
o " hgl 0" gy

It is shown in Appendix G-3 that Ee for HEmn mode can be

derivel as,
|
' ) k
R (0= .

g(8)=F k., >

A T ey .
(1+ E; cose) - V AgR72 sin — .

f C(v4)-C (v,)-] [S<v1)—S(v2>{}+
\

IJ{C(VB)-C(V4) 'j[:S(VB)‘S(V4)]§

where, g e
ORI 5
F JF Hy" (k R)
M) 3 2Pa
b 1 2
<N _eJ%Aé{(

'—,ﬁ:-B-—;"_'-— sin6 )2
1 Xo
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2 AR o, Ao
v > b 2Pa
7 3 1 1 — e e 1 2 .
% g —— + VR A - ~= sing) ]
5 - oty o
Kv4 v i gR 5 b, No

The radiation pattern based on Bg (6.11) has
been computed for the typical values of the test horn
for HE11 mode excitation, and the results are presented

in Bieg, 6.2,
6.2.3 THE AXIAL GAIN OF THE HORN

The total power PJC transmitted through the aperture

of the horn can be obtained as,

ao]
I

4 % Re ( éy (Et X Hi ) ds ]

¥
i el fF 2 8 ax dy ] , and from
2 & o] X

Bges (6.4), P, becomes,

1 ?'2_ 3 by /2
P, = = k a/2 1
v % cos® %?x & T cos® F2uy ot
J ‘ SV \
Lo P a/2 v, /2 b,

and can be derived by Appendix G-4 as,

12 3 ab, ( ZPa1 + 5in2Pa

E Wi 2Pa

50 (6.12)
1



The on-axis pain (axial gain)is. defined as,
@(0,0) =%- ‘Ee‘ g, (6.13)
max UOPt
Using Egs. (6.11) and (6.12), it is seen in Appendix G-4,

that the on-axis gain can be obtained as,

32aR AQ (1 + é\—f )2 2Pa1
P, A
6(0,0) = ‘ S
mznb1)\: (2Pa1 + sin2Pa1)
]
ot T B eE 3(v,1)-8(7,) 12 | (6.14)
L J
where
(;Vow\ : D, -
| vz l=—— +Txa=& &) ]
Ja2/ V2 T)\gR g ( "";ﬁ;— )

The on-axis gain for the dominant HE11 mode is obtained

as, X
32&1%2 ﬁ+—7;9 £
g g 2P0, !
G(0,0) = ™ b, >\2 (2P1a1+sin2P1a1)

%‘[ Clv, )=C(v ) 1% & [5(v 1)-8(v ,) 1° g% (6.15)

where P1 = the value of P for the HE11 mode, and hence
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*
01) b >
1 [ 1 3
el i T St ]
(Voz Ve i 0 g ) b )

g 1
The gain based on Rq. (6.15) has been computed, and the

result is shown in Fig.6.5.

6.2.4 DIELECTRIC SPHERE MQUNTED DIELECTRIC COATED
E -PLANE SECTORAL HORW [72]

The radiation patterns of the dielectric loaded
E -plane sectoral horn have been found to Possess better
directivity as compared to that of an empty horn of the
same dimensions, but at the cost of a slight deterioration
in the sidelobe levels., In order to reduce the sidelobe
levels, and t0 inerease the directivity of the horn further,
the technique of Placing dielectric spheres in Tront of,
but displaced from,the aperture of the dielectric loaded
E -plane sectoral horn was utilised. The radiation
characteristics of the feed system (Fig. 6.3) with
dielectric sphere of radius 'b' in front of the horn aperture,
are derived by treating the system as a microwave lens
illuminated by an aperture source. decordingly, following
the method due to Bakefi and Farnel[9] the approximate
expressions for the far-field components of the feed system

can be obtained, with assumed azimithal symmetry, as
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a-Off-set dielectric sphere in front of
coated horn aperture

IMAGE SPACE

AA _ AN ARBITRARY PLANE I[N FRONT OF THE
HORN APERTURE

BB - AN EQUIVALENT PLANE THROUGH THE
CENTRE OF THE SPHERE

b_ Equivalent optical system for Fig.6-3a

FIG. 6.3 _DIELECTRIC SPHERE LOADED DIELECTRIC
COATED E-PLANE SECTORAL HORN
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b=
| . 2 .
(Je(®) = 1(x b) e—FO?- % ug (~)J (& bo~sing).
—ik_v(c~) .
2 s e (0'16)

for vertical plane, and

. —jkor o
Lj¢(9) =j(kob) S_k . of znu? (O\)Jo(kobcnsina).
> ~3k_v(o~)
N o~ d O~ (6.17)

for horizontal plane,

where u?(a*) and ug(ch) are as specified in Sec. 3.4.1.

It is to be noted that in the case of dielectric coated

E -plane sectoral horn, the edge diffraction will be
minimum; and hence field patterns at the sphere location
that is slightly displacec from the horn aperture ig the
Same as that at the horn aperture [72] .Thus the field
incident on the sphere can be taken as the same as the
transverse B -field Et (?:EG) cver the horn aperture given
by Eq. (6.9). 0On this assumption the radiation patterns

are evaluwated, and are presented in Fig. 6.3Db.

6.2.5 EXPERIMENTLAL RESULTS .ND COMPLRISON WITH
THEORY

In order to evaluate the performance of the

dielectric loaded E-plane sectoral horn; and to establish
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the validity of equations derived, experiments were carried
out with a horn of the specifications detailed in Fig. 6.1.
The narrow (E-plane) walls of the horn were loaded with
bakelite (g, = 3.55) for an angular thickness of 2°(a,=17°,
& = 3mm). Observations were made for the horn excited in the
HE11 mode at a frequency of 8.86 GHz. Analytical results of
the radiation pattern based Eq. (6.11) are established in
reasonable agreement with the experimental pattern in Fig.6.2.
(The experimental pattern for the empty E-plane sectoral
horn is also included for comparison). There is a considerable
improvement in the pattern directivity, but with raised
sidelobe levels. In an effort to reduce the sidelobe levels,
experiments were repeated with paraffin wax ( B 2425, )
spheres of diameter 4 cm, 6 cm and 9 cm placed offset at
the minimum [68],[85] input VSWR position in front of the
dielectric coated horn aperture. (The sphere off-set
positions were found +to 1lie between 1 cm and 1.4 cm
from the horn aperture for the 3 sphere sizes tested,
and the input VSWR for the off-set spheres were found
to be 1.2, 1.15 and 1.1 ). The experimental radiation
patterns with off-set placed dielectric spheres are
presented in Fig.6.42and in Fig.6.4b the theoretical
pattern based on Eq.(6.16 is established in good
agreement with experimental results on pattern measurements.
In Fig. 6.521is depicted the gain ( experimental ) of the

system as a function of the off-set placed dielectric



-1 37_

sphere diameter in wave length. The gain level based on
Eg. (6.15) is also shown in Fig. 6.5a. The decrease in
— 3dB beamwidth due to the sphere mounting is plotted in

Fig. 6.5b as a function of sphere diameter in wave length.,

From the results it is concluded that the dielectric
loaded E -plane sectoral horns have significantly increased
directivity at the cost of slightly increased sidelobe
levels. The radiation characteristics of the dielec tric
loaded E -plane sectoral horn can be improved with reduced
sidelobes and further increased directivity and axial gain
by dielectric spheres mounted at, but displaced from, the
horn aperture. The test feed system with off-set placed
spheres provides a variable beamwidth facility and hence
indicates the applicability of this system as an adaptive
beam parabolic antenna feed. The system also possesses

low input VSWR.

G.3 DIELECTRIC LOADED H-PLANE SEGTORAL HORN WITH
CYLINDRICAL APERTURE

In this section radiation properties of a H =plane
sectoral horn with cylindrical aperture having dielectric
loading on the parallel walls of the horn are described.
The concept of this improved sectoral horn feed is based

on the facts that horns with dielectric loaded walls [50]
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have increased directivity; and that horns with cylindrical
apertures [133] have narrower beamwidths and lower
sidelobes than identical horns with rectangular apertures.
Here the horn aperture field is determined in terms of
cylindrical wave functions. The aperture field method
based on the vector diffraction formula is used to obtain
the far-field radiation bpatterns. The characteristic
equation for the Propagation phase constant kr, and the
on-axis gain of the antenna device are also included, The
performance of this antenns has been evaluated €Xperimentally
to establish good agreement with theoretical results. Tt

is found that the dielectric loaded H —plane sectoral horn
with cylindrieal aperture has radiation patterns with
significantly inecreased directivity, and reduced sidelobe
levels that are otherwise raised with dielectriec coated
conventional horns. The improved radiation patterns of
this sectoral horn ensure its applicability as a desirable
effective feed for parabolic reflector antennas. The
analytical treatment for the case of wide flare angle

sectoral horns has also been discussed.

6.3.1 MODAL FIELDS IN DIELECTRIC LOADED SMALL FLARE
ANGLE H~PLANE SECTORAL HORN

The geometry of the H-plane sectoral horn with

circular edges centered along the apex is shown in Fig.6,.6.
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The parallel walls of the horn are loaded with a dielectric
material of permittivity €q- Hybrid modes (having both

E and H components in the direction of propagation) are to
exXist, in order to satisfy the boundary conditions. TE

to 6 modes will have both Er and Hr components, and such
hybrid mode fields can pe given by an electric vector
potential T having a single component in the @ =direction
such that F = IGW' « The proper forms of U for the horn
axial and dielectric loadea regions respectively are
given by

N (2)
o = 4, coSkyOy cospo Hp (krr)
(6.18)

]

$d B, cos kyd( % -y) cospé Héz)(krr)

where p is positive and real, and An and Bn are mode
coefficients to be determined from the boundary conditions.
The subseripts 'o' and 'd' refer to the air (horn axial
region) and the dielectric layered regions respectively.
In selecting [bo and lhd, it is anticipated that the r ang

© variations in both the regions must be the same
(designated by p). The'k' in each region must, of course,

satisfy the separation relationships,

2 30 el
kr + kyo o ko =, B
n (6.19)
2 &l 3 %1 ki e
k} + kyd ky = M, €y
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Different field components of the hybrid mode in the

dielectric coated region are obtained as

E - g
er = B k 31nkyd ( % -y) cospeHé >(krr)

n yd

B = =B k cosk ( = -y) cosp® H(z)'(k r)
ge! nr yd v 2 P iy

g

Pk B 1

2 S =2 cosk . ( & —y) sinpe H(z) (k_r)

rd j Wk yd g P i i
(6.20)

H .= =P —Y-—-—-k @®n Bink o f 2 -y)sinpeH(z)(k r)

¥d j W ko FRT g £ R
2 2
k,” -p

1 a (2)

H,. = =~ B cot k_.( w» =y)eospdl '~/ (k r)
ed PP a p B
The corresponding field components in axial

region of the horn are obtained as

E, =-Xk A sink__y cospé H(Z)(k 1
iy yo “n yOo P T

E..= -k A4 cos k_ ¥y cosp# H(Z)'(k r)
yo rn yo D i

Eeo =0

- SRS 1

Hro TAALE: e A cosk, v sinpe Hé2) (krr) (6.21

J L) Mo
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Pk 5
H = —FE 4 sin k Y cosp8 H(C)(k »)
o Jwu # yo P ¥
o
H = —  (k 2—p2) A_ cosk ycospeH(z)(k r)
SIS § iy By 0 n yo jo) ia

where the primes indicate differentiation with respect to r.

The eigen values can be determined from the

boundary condition

Erd = Eyd 20 at g = e A the half flare angle of
the horn, i.e, cospa_ = 0; P = ng 2 fE LR F SN,
2ao

For the dominant HE11 mode, P becomes

F st (6.22)
2uo
To evaluate the constants An and Bn’ and the mode

Propagation constant kr » continuity of tangential E - and

H -fields at the air-dielectric interface has been used.

Accordingly
i) B, = B, aty = g -8 ( s being the thickness of the
™ dielectric layer)
gives,
: : N .
kyo“n Slnkyo( 5 ~8) Bnkdelnkde {6423)

L U L O , and

Heo = Hed at y = % - s give
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A o) T
A_ cos kyo ( 5 —8 ) Brl cos kyds (6.24)

Trom Egs. (6.23) and (6.24) it is obtained as,

a— _ e
kyo tan kyo ( ¥ 5) kydtan kyds (6.25)
But both kyo and kyd are functions of k. by Egs. (6.19).
So the above equation [Egs.(6.25)] is a transcendental
equation for determining possible kés (mode propagation
constants). Once k  is evaluated, kyo and kyd are given
by Eq. (6.19), and the ratio .z;n/Bn may be obtained either
from Eq. (6.23) or from Bq. (6.24),

4n explicit relationship between kyo and kyd can be
obtained by considering the case of thin layer of dielectric
coating with low permittivity dielectric material. In such
case, k_ is not very different from by (W UJV_T;;E:_ I
and k__ and kyd should be small. If this is so, then

yo
Eq. (6.25) can be approximated by

N

s (6.26)

With this explicit relationship between kyo and kde
Egs. (6.19) can be solved similtaneously for kyo and k_,
for given values of frequency ( or ). Note that when kyo
is real, kyd is imaginary and vice versa.

4an explicit solution for kyo can be obtained by
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using Egs. (6.19) and (6.26), and is derived as, (see

Appendix H-1)

- ! 2 ) 2s
kyo = ko ( €. 1) e (6.27)
where s = the thickness of the dielectric layer
a = the E —plane dimension of the horn

6.3.2 RADIATION FIELD

The radiated far-field by the device can be
computed by the aperture field method based on the vector
diffraction formula [44] ; ana accordingly the radiation
pattern in the H -plane ( @=0 ) for the dielectric loaded

horn under study is given by,

~nx ; .
0 k Jk Rcos(e_-06).
: = as
Eg() = j < (1+ = cose) [ B, e © a
¢ 27\01' k—b- S t
0 - a, . Jk Reos(e -8),
=3 35————-(1+ EE soag) [ fao B e ;3 i
>"or < -a/2 -0,

dys R des (6.28)

Where EJC = the transverse electric field over the horn

aperture ~ 1 B
o R Solfy

aperture and R = the horn axial length (for small angle

since Ee = B, = 0 over the horn

horn, the horn flare length ro =«R). 0, is indicated

in Psg. 6.6.
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It is shown in Appendix H-2 that the radiation pattern
in the H —plane ( @ = 0 ) for the horn under study when

excited in the dominant HE11 mode is derived as,

—Jk P sink

By(6) = JE, e)\ (1+ k—- cos6)RV N /2R _ -
O
yo

4 T o . ]

a
J9 2
2

-3 e

B B, {C(v1)—0(v2)-j [s(v1)—s(v2)]§J (6.29)

where E1 = A1ki 22_ (¥ R) e o) & R 4a 2

c(w) and S(w) are the cosine and sine Fresnel

integrals,

g e pi B8 VER/y

4o R

S —9-—'>\O \FZ—R_/_—_

¥ 4a R~ No
vy = (o =6 + Mo 1 ramg
1 o 4aoR >\o
o R o M Jo R V¥R

Z has been used for HE, 4 mode)
2(10
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The H -plane pattern based on Eq. (6.29) has been

computed for typical test values; and the results are

illustrated in Fig. 6.7Db,

6.3.% AXTLL GAIN OF THE HORN

The total power Pt transmitted through the

cylindrical aperture of the horn is obtained as

P.= pRe [ e IR (6.30)
-a/2 "0 o 5

For HE11 mode of excitation P, 1is derived (see appendix

H-3) as,
(2)° ;
H 2 gink a
Po=——Ra [igk, 2 (£R)]° (ar —d0®
14 0 T 2q r K
0 yo
o ( ) (6.31)
E k a + gink =
= 2 A RO 3% i (6.32)
41 0 o
!
4 (@)
& P i :
where By = 4k % (krR) | E1|
o)

The on-axis gain associated with the radiating horn is

defined as

2 2
G(0,0) = 1 B iEE_.
2n @ P
Te max T

Using Egs. (6.29) and (6.32) it is seen in Appendix H-3

that the gain for the HE11 mode is derived as,



-

—lqBn=

N

FIG.6.6_. GEOMETRY OF DIELECTRIC LOADED SECTORAL HORN WITH
CYLI NDRICAL APERTURE

dBS —

Ee)
E (o)

RELATIVE FIELD INTENSITY

FIG. 6.7a

dBS —

E(e)
Eio)

RELATIVE FIELD INTENSITY

0
RECTANGULAR AFERTURE
-5 — — — CYLI NDRICAL APERTURE
'i\ —.— DIELECTRIC COATED CYLI NDRICAL
-10 - : APERTURE
\
-15
20—
-25 =
_‘)l" - > -~
3 v .
S
& N
-35 | | e o ]
0 20 40 60 80 100
8 —

- E—PLANE PATTERN OF DIELECTRIC COATED

H- PLANE SECTORAL HORN

(o]
RECTANGULAR APERTURED HORM
< ———- CYLI NDRICAL APERTURED HORN
—-— DIELECTRIC COATED CYLI NDRICAL APERTURED
R HORN (EXPERIMENTAL)
© 000 DIELECTRIC COATED CYLI NDRICAL APERTURED
HORN ( THEORETICAL )BY Eq.(6.29)
-15 |-
xxxx DIELECTRIC COATED CYLINDRICAL APERTURED
HORN (THEORETICAL) BY Eq.{6.45)
20l
.\o\
\
-25) £
)| e 't <
.
e ‘/ X v
ok | t Y ie e S
0 20 40 60 BO 100

FIG. 6.7b. H—-PLANE PATTERN OF DIELECTRIC COATED

H - PLANE SECTORAL HORN



=34 =

16n (1+ kr)2 1n%k. . B
T R_—' Sln yO ?‘
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Where

v )
(dﬁ= ¢ B iao)Wﬁ/x
V02 4-CIOR 0

The computed value of the gain based on this Eq. (6.33)

is found to be in agreement with the experimental value.

6.3.4 RALDIATION FROM 4 WIDE FLARE ANGLE DIELECTRIC
LOADED H-PLANE SEGTORAL HORN

The radiation forumla given by Eq. (6.29), employing
the vector diffraction formula with the assumption of no
phase variation of the aperture field is true only for
narrow flare angle horns with a, < 20°. Thus the above
referred radiation pattern expression is not accurate for
wide flare horns with a, > 30° . dnalysis of the radiation
from such wide flare horns t o, > %0° ) has been carried
out in this section using a different technique, The
technique consists in expressing the far-field pattern of
the wide angle horn in terms of a spectrum of cylindrical

waves, or in other words free space cylindrical TE and TM

-
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modes [52] , the mode coefficients being determined from

the known aperture fields.

The co-ordinate system employed for the analysis is
shown in Fig. 6.6 The aperture E -field over a constant
phase cylindrical surface at the mouth of the horn is

represented by

E =3 (809
g e for - 2« y £ = and
g g
X il : (6.34)
E, ( B)=E (R,6,y) a, £ 0 < ag
Ey, Ee = 0 every where else.

BExpression for the far-field is derived in terms of the
tangential components of E over the horn aperture. Anticipating
the use of transforms of the fields, cylindrical transforms

of the tangential components of E over the horn aperture are

defined [52] as

= 7 oo g 3 -uk
E (nw) =1 fao [ dy B (R,6,y)e 970 ™I
¥ 21 o —00 y
1 " . B . {6.35)
= = = —JwWy
Eg(n,w) - Of dae _wf dy EG(R,G,y)e e

The inverse transformation is
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(o]

1 ine - :
Ey(R,G,Y) =2E n=§oo e:'] —Oof Ey (n,W) eJWy aw
(6.36)
g in e ;
Ee(R,G,Y) ar =§G> ed e_cnf Ee(n,w) eIV qw

Note that these are Fourier series on 6 and Fourier
integrals on y. The field external to the horn aperture
can be expressed as the sum of TE and TM components, and
the diffracted far-field corresponding to the aperture
fields [ Egs.(6.34)] may be expressed in terms of veetor
potentials A = Ieﬂe, and F = IeFe » The proper forms
of Ae and Fe for the Fourier expansion [52,p.247]

, - Ay ine 11 2 iw
4y o A ed oof fn(W) Hr(l )<I‘ \jkOZ_wz ) ed ydw

n:— oo -—

(6.37)

1 [o.¢] . e <O 2 =
Fe =5 =§m)e3n _&! gn(W)Hé )(r V;;?:;?‘) e 9"V aw

In BEgs. (6.37) Héz)(x) is chosen to represent the outward
travelling waves, and the 6 - and y = functions are so
chosen that the field will be of the same form as in

EqS. (6036)0

Using the identities [52, pp,244-45]

ot N

oo . (8]

i Héz) - Ay (O R 2 TRl PO S S
e} 00 5k

= 00
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and :
Héz)(X) ——y jana) (x), for the far-zone region

X —» oo

L, and Fe can also be expressed as,

6
—jkor ” .
e e Bl 5 egn@ jn+1 £ (w)
e nr e n
; (6.38)
—jkor G
Fe - B 5 eJne jn+1 gn<w)
214 N = -0

where fn(w) and gn(w) are the mode coefficients and can
be determined from the known aperture fields. fn(W) and
gn(W) can be determined by calculating the fields Ey and
Eg [Eqs.(6.34)] using the relationships,
il : 1
E=-gx p - JUJuO A+ e ?37(27-A)
Jwe,
(6.39)
1
H=UxA - jwe F + —— <J (7.F)
S Juw Ky
It is seen in Appendix H-4 that fn(W) and gn(W) are

obtained as,

Jw EOEG (n,W)

£ (w) =
n (k02—w2) Hé2)<R V"E;?:;g)
[ Ey(l’l,W> = #;2‘)‘ EB (nsw) ]
gn(w) = — (6.40)

R R YT
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Here Ey(n,W) and Ee(n,W) are the cylindrical transforms of
the aperture field components Ey and Ee respectively,

and w = —ky = -kosinesin¢ ’ (6441)

For the evaluation of the radiation pattern of the
dielectric loaded test horn in the H =plane, it is observed
that in the H -plane (@ =0 ) w = 0, and by EBg. (6.21),
Ee(R,e,y) = 0,

-y ¥ (2) .
Ey(R,e,y) krnn coskyoycospe Hp (kr R) ; (6.42)
and by BEq. (6.40)
fn(w) =0 and

E_(n,w)
8alW) = yg)? oRe)
kOHn (kOR)

The rcquired radiation pattern in the H-plane is obtained

by using the formula [ 52, p -133 ]
Eg(e) ~+ .2, (6.44)

It is seen in Appendix H~-4 that, using Egs. (6.35),
(6.42) and (6.44), the H -plane radiation pattern of the
dielectric loaded H -plane sectoral horn with cylindrical

aperture supporting the HE11 mode can be derived as,
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Y% sink_ 2

0 Y oo
Eg(e) _ e 2 8 s oiné
nr np kyq =— oo
cosna
<. : (6.45)
" {2)
P
where
g |
E, = k AH (k. R)
2 = ®/20 r
0
and
B e
20
0

Knowing all the quantities involved, Bq.(6.45) can
be used for the accurate evaluation of the H- plane
radiation pattern of the dielectric coated H -plane
sectoral horn of wide flare angle. The computed results

based on Eq. (6.45) is shown in Fig. 6.7a.

B.3:5 EXPERIMENTLL RESULTS AND VERIFICATION
WITH THEORY

The validity of the theoretical results derived
above is established by experimental investigations using
a H -plane sectoral horn of half flare angle g, - 22° ana
axial length R = 18 cm, having a circular aperture centered
along the horn apex. The parallel walls of the horn was loaded

with 0.1 mm thick mica (er = 7.1) sheets; and experiments
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were carried out with the horn excited in the HE11 mode

at an operating frequency of 9.64 ¢Hgz, Analytical results
of the H-plane pattern of the device based on Eq. (6.29)
and Eq. (6.45) are compared with the eéxperimental results
in Fig. 6,7b ( Patterns for circular apertured horn and
oonventioﬁnl horn with rectangular aperture are also
included for comparison). Reasonable agreement was noticed
between calculated and measured patterns. The agreement
is more close with calculations based on Eq, (6.29) since
the experimental horn was of & - 28, Excellent agreement
with results based oﬁ Eq. (6.45) would be noticed with
test horns of a, » . 30°,

In Fig, 6.78a the E -plane pattern of the dielectrie
coated horn with cilrcular aperture is depicted together
with those for circular apertured and rectangular apertured
horns without dielectric loading., It is obvious that the
pattern direc tivity of the dielectric coated horn has
significantly inereased, and the sidelobe level, though
Slightly higher than that with circular apertured horn,
is reduced considerably as compared with that availaple in
the case of an empty and dielectric loaded conventional
sectoral horn with rectangular aperture. Thus the circular
aperture has contributed to bring down the Probable sidelobe

levels. The theoretical value of gain based on Eq.(6.%3)
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and the experimental value of gain are found approximately

€qual being 30,5 and 31 respectively.

From the results presented, it may be concludead
that dielectric loaded H -plane sectoral horns with
cylindrical apertures have patterns with significantly
increased directivity and reduced bProbable sidelobe levels.
Since the theory is in satisfactory agreement with
experiments, the dielectric loaded sectoral horn with
circular aperture can either be used as a degirable
improved Primary feed for parabolic reflector antennas or
as an effective and convenient high directivity source

of miecrowave radiation.
bxd CONCLUSION

The radiation behaviour of two types of dielectric
loaded sectoral horns has been discussed in detail. The
radiation patterns of the dielectric loaded E —piane
Sectoral horn are seen to have more directivity and axial
gain at the cost of slightly increased sidelobe levels
as compared to those of conventional horns of the same
dimensions., The effect of dielectric sphere mounting at
a displaced position in front of the aperture of the
dielectric loaded E —~plane sectoral horn has been

investigateu to establish that sphere loading resulted
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in reducing sidelobe levels as well as narrowing the

main beam. The H —plane sectoral horn with a cylindrica
aperture having suitable dielectric loading on the
parallel walls has been found to possess more directivity,
and reduced sidelobes that are generally high with
dielectric loading, due to the circular aperture. The
analytical treatment hag been carried out for both narrow
flare angle as well as wide flare angle H -plane sectoral
horns. Analytical results obtained for both the dielectric
loaded E =plane sectoral horn, and H -plane sectoral horn
with eylindrical aperture have been established in good

agreement with experimental results.



CHAPTER VII

DIELECTRIC LOADED MULTIMODE HORNS

Te INTRODUCTION

The technique of combining higher order modes
for improving the radiation patterns of dielectric
loaded horn antennas has been discussed in this chapter,
Two types of dielectric loaded miltimode horn antennas
areé considered. A multimode dielectric loaded rectangular
horn antenna operating in two orthogonal TE1O+TE/TM12
and TEO1+TE/TM21 mode sets is analysed first. Due to
the presence of the higher order TE/TM modes generated by
a symmetric step discontinuity in an oversiged waveguide
the aperture E -field distribution is tapered to result
in a low polarization axial ratio, and a pattern with
low sidelobes. Thus the dielectric loaded multimode
rectangular horn antenna analysed is found to generate a
circularly polarized elliptical shaped beam with better
directivity and low sidelobes, and can be used as a
satellite antenna to efficiently illuminate an elliptical
zone on the earth's surface. Then a dielectric loaded

rectangular horn that possesses the facility of shaping itg
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radiation pattern by suitably combining a controlled

amount of higher order modes with the dominant mode has
been studied. The wanted hybrid modes are generated by

a sultable symmetric horn throat excitation, and the
amplitudes of higher order mode content are controlled by
the throat dimensions. The significance of higher order
mode contents in shaping the pattern of dielectric loaded
horn is theoretically demonstrated, and the device has

been suggested for applications in monopulse radar antenna
systems. The performances of both these dielectric loaded
miltimode horn antennas iave been evalugted experimentally
and have been established in good agreement with theoretical

reanlts.,

T - MULTIMODE DIELECTRIC LOADED REQTANGULAR
HORN ANTENNA

4 high gain multimode dielectric coated rectangular
horn antenna operating in two orthogonal TE1O+TE/TM12 and
CL’E01+TE/TM21 mode sets to generate circularly polarized
elliptical beam is described in this section. The presence
of higher order TE/TM modes will cause = tapered aperture
E -field distribution and this in turn will make the far-
field E —plane beamwidth approximately equal to the H -plane
beamwidth to result in a nearly unity polarization axial

ratio. Consequent of the tapered aperture field



distribution the radiation patterns will also have low
sidelobes. The wanted higher order modes are generated

by a symmetric step discontinuity in an oversigzed waveguide.
The radiation characteristics together with the on-axis

gain of the antenna are derived from an electric vector
potential by the aperture field method based on the vector
diffraction formla. Analytical results are shown to be

in good agreement with the experimental results of radiation
pattern and gain measurements. This antenna which generates
an elliptical shaped beam, by virtue of its rec tangular
shaped aperture, with a nearly unity polarization axial
ratio would offer better directivity, high on-axis gain,

low sidelobes and low cost, and can be used as a satellite
antenna to efficiently illuminate an elliptical zone on

the earth's surface. The verformance of he antenna has

been found satisfactory over a broad bandwidth.

i ANALYSIS OF MODAL FIELDS

The multimode horn under study is shown in Fig.7.1.
The E -plane walls of the double-flare multimode horn are
coated with a dielectric material of relative permittivity
€.+ The desired higher order modes will be generated by
the symmetric step discontinuity in the oversized square

waveguide.
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Hybrid modes are to exist to satisfy the boundary
conditions; and the TR hybrid modes [52] propagating
in the Z -direction can be derived from an electric vector
potential F such that F = Ix . The proper forms of
the potential function ¥ for the air and dielestric
coated regions inside the horn respectively are given by,

TEy, An —jkéz
C cosa X cos = y e

7

1l

0
: (ret)
TE =Jjk &
PG - a _ s &
¢a D cosay ( g X) cos S e

where a, and ay satisfy the relationships

nn \2 2 TR
( : )E + k" i K,
(TR}
nE 2 = SN 2
( "'5- ) =5 kZ o= Cld = eI‘kO

The subscripts 'o!' and 'd' indicate the alr and dielectric
coated regions respectively; ¢ and D are the goefficients
of the potential funetions, and 'a' and 'b' are the guide

dimensions (at the first portion of the double—flare horn).

The horn dimensions upto the symmetric step
discontinuity in the oversized waveguide are chosen

{ D = 1, i.e. the first flare section of the double-flare
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sectlon of the double—flare horn has a square cross—seection)
for the propagation of the dominant TE1O mode only. The
different non-vanishing field components for the dominant
TE1O mode in the horn axial and dielectric coated regions

are obtained (by Appendix I-1) as

In the horn axial region

~jkzz
Eyo = JCkZ cosa X e
Hoo = TZHT_"—kzao R, S8
o}
B}
Hep ™ f—g-— k & cosa_ € &

In the dielectric coated region

a —jkzz
Eyd = JDKZ cosagf 5 ~x} ®
=ik = (704—)
=5~ D : - J z
Hpg = S kyaq sinay (3 -x) e
=}k Z
pr- D E a Iy
Hyy = k, =~ cosay ( 5 -X) e

Jou,

The characteristic equation relating a and ay
can be obtained by matching the tangential components of

the fields at the air-dielectric interface i.e., at
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g % —S , Wwhere s is the thickness of the dielectric

coating. It is seen (Appendix I-1) that the characteristic

el

equation can be derived as,

a tanao ( % -5) = -ay tan ay S (7.5)

But the Egs.(7.2) both a, and ay are functions of k ; so
“he above equation is a transcendental equation for
determining the possible value of k. Assuming the same
Propagation constant kZ for both the regions, an explicit
solution for a  can be derived for the case of dielectric
slabs with low permittivity, and is obtained (Appendix I-1)

asy 5 >
(o = -k (

2s
o - Gr"1) - (7-6>

It is known that higher order modes will be
excived at any discontinuity in an oversized waveguide
by an incident dominant mode. The discontinuity used in
the double-flare horn considered is a symmetric step;
and the unwanted TE02 and TE11 modes will not be excited
because of the even symmetry of the step discontinuity [128]
Moreover the size of the oversized waveguide is chosen
(4/B =1.5) to permit the propagation of TE, o and TM;, higher
order modes only. Thus only TE12 and TM12 modes need be
considered to be excited by the dominant TE1O mode incident

on the symmetric step discontinuity. Assuming that the
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transverse B -field at the discontinuity plane is the
same as the TE1O Incident field which has a single y -

component given by Egs. (7.3) as

—jk Z _ijZ
B =30k cosaxe 2
z 0

=F Ccosq_¢€
yo ~o

0 (7+7)

only, the boundary conditions require that the total

E -field (contributed by the dominant as well as the
higher order modes) over any cross section of the
oversized waveguide shculd also have a y—component

only. As it has been discussed that only Thy, and ™40
higher order modes can pPropagate along the oversized
waveguice, the transverse B —-field E% over the radiating
aperture of the oversigzed waveguide for TE1) incident
field at the step discontinuity can be written as

Mhyo _TB/TM,,

B? = +Et

t = By

il

2n
B (oosaox + Cy co8a_X cos =24 g A P

where E is a constant that depends on the horn excitation
and its aperture dimensions, Gy is the amplitude of the
mode corversion factor ( a complex amplitude ratio of
higher order mode to dominant mode) and B is the apeyﬁure
~ik =

dimensions of the oversized waveguide ( the terms e ?



i ej<2n—€?y) is omitted where (21 —%}y) is the phase

differencc between the Tk, and TE/TM12 modes withg;y as

the phase of the mode conversion factor)

Tl wid RADIATION FROM MULTIMODE DIELECTRIC LOADED
HORN

As the transverse B -field over the aperture is
given by Eq. (7.8), the radiated far-field can be determined
by the aperture field method based on the vector diffraction
formula. But it is to be noted that when the radiating
aperture is a horn aperture, the phase of the field in the
aperture will vary with position in the aperture. For the
test horn under considcration, the proper phase variation
of the aperture field appears to be a quadratic phase

variation of the form [44, p =127 ] given by
= -] g
bw= X, (R *E) (7.9)

where R is the axial length of the horn.

Knowing the aperture field the radiated far field is
derived on the bais of the vector diffraction formla [441
[66] yand as seen in Appendix I-2, the radiated far-field

component in the E -plane (§ = n/2) is obtained as,
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B J \ e-jkor kZ J %Raoz.
e(e) = "'-ZI:"-—- R (1+ E COS@) e
Wb )~ s e Lo, it )J}[ PL o+ o FIT] (7.10)
3 Hey 2’7 1 2 M :
.)\o 2

vk
where FI . 63 47 Rko s he

{c( ni=eig.) =i [8(n )-S(%'f)]}

= M{C(V1)"C(V2)_ J [S<V1 )-S(Vz) ]}-’—
¥ {0(vy)-0(v,) = 3 [8(rs)-5(v,) 1}

C(w) and S(w) are the Fresnel cosine and sine integrals

defined by

W

nt2
J cos ( —=) dt
o) 2

G (w)

W 2
S(w) = [ sin ( 1‘—;“_) at

T B B R o B

 jerm |

/ 1 k
[ ImaE SR s
. LA s
. S 2 2 : 2
¥ MRS S sing)
M\ = I 0 B — )\O
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The quantities B and cy in Eq.(7.10) can be determined by
following the method of mode conversion in a rectangular
waveguide by a step discontinuity [51 Jand is seen in
Appendix I-2 that the quantities can be derived, in terms

of the guide dimensions, as

(aoa' + sinaoa')

o il
E = EO E ( : . . (7.11)
a A + sina A )
and 2sinm %
Oy ™ = (7123
L8

where EO denotes the constant that depends on the dominant

mode excitation (Tqu mode) of the horn,

a' = 3 - 25

A - 28

and Al
Here a and b are the guide dimensions at the step
discontinuity junction; A and B are the aperture dimensions

of the oversized waveguide and s is the thickness of the
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dielectric layer. Substitution of all the quantities in
Eq (7.10) enables the evaluation of the B -plane radiation
pattern of the test horn. The pattern in the H -plane (@=0)
could also be derived in the same manner and the final

exXpression is given in Appendix I-2,

TN ON-AXIS GAIN OF THE MULTIMODE DIELECTRIC
LOADED HORN

The total power Pt pPassing through the horn aperture

is determined by,
L7 25wl
P, = = gf E, H dx dy (7+13)

But from Egs. (7.3) (7.7) and (7.8B)

’

k
RPN 2 2%
He = i (cosaOA + Cy cosa Xcos > v )
ED k
e 7 (
= 1= T
ubuo )
It is seen in Appendix I-3 that Pt can be obtained as
k ((I A., + Sina A') 2
P, = X B nw . 2 (2+2) (7.15)
8 Wwp, @y y
The on-axis gain of the test horn is given by
G(0,0) = MZQ)_ (7.16)

Py
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1 2 2
where P(0,0) = — \Eel r G E N
L max

Using Bgs.(7.10) and (7.15), the on-axis gain is derived in
dppendix I-% as,
k
2 g AL
4naOkOR ( 1+ Eg )
G{D,0) =

k ARV h
(QAA sina A )
I

% [C(u1)-0(u2)]2 + [S(u1)—s(u2) ]2}

2
2 F.0
y

Vo) 12+ [8(g,)12

2

2 Cy VEC(%-})"C(VOZ)]2+[S(VO1)—S(VO25 ]%

where % . B (7.18)
;=
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TeRed DESIGN CONSIDERATION OF THE DOUBLE -FLARE
MULTIMODE DIELECTRIC LOADED HORN

The multimode horn chosen is gz doubkle—- flare horn
shown in Fig.7.1, The first flare section has a square
cross—section for the propagation of TE1O mode only. The
Second flare section ends at a rectangular aperture whose
dimensions may be determined by the requirement for the

Propagation of TE/TM12 higher order modes.

The wanted higher order modes are generated at the
step discontinuity in the oversiged Square guide in which
odd modes (mode number m+n is an odd number) above the
TE/TM12 and '.I.‘E/Tl\/121 modes cannot propagate. It is noted that
other higher order modes are also generated where the flare
angle changes, but since the amplitudes of the higher order
modes generated are pProportional to the changes in the flare
[ 33,part-1, p. 72 ] and as the flare angle change is kept
small other higher order modes are prevented from being

strongly excited.

The most important and significant differential
Phase shifts are those between the dominant mode and beam
shaping mode of each set and between the two sets. Usually
the former is kept as small as possible to enable the

wanted higher order modes to €fficiently shape the beam.
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This phase slip can be adjusted to a certain degree by
adjusting the length of both the oversized guide sectiern
and the horn flare section. The latter differential phase

is principally chosen to obtain circular polariZation.

Thus the overall length of the horn is Primarily
governed by the differential phase difference between TE1O and

TE/TM12 modes,[¥é1o—12), and between TE,q and TE/E[‘M21 modes,

,£L¢(01-21), which are given by

A g(10-12) - Ad {AD=12) +&¢{1(1O“12) +A¢£2(1o—12)

+
+ contribution from discontinuity,
(01-21) _ Age (01-21) . A, (01-21) . A (01-21)
A g = & ) A
+ contribution from discontinuity.
where subscripts ﬂo’€1 andf2 denote contrivutions from

different horn sections. The phase of each mode ™ can be

calculated by

g = }%ﬂ Of€5m<z> az +>f“: .

(7.9)
where £ = phase constant of TEmn( or IM_ ) mode

g kzmn

Using Egs. (7.19), ¢£O, a4, , ﬁ£2 for TE1O and TE/TM12 modes
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g st ok 1 , TR -
can be determined- It is ncted that ﬁ{o = ¢§~1 o5 B0y
Since TE/TM12 modes are excited only at the discontinuity

Junction in the oversized waveguide. Thus,

Agao—m)zﬁﬁk(m—m) +A%§1o—12) +A‘Q&mo—wz)
Lo 1 2
(7.20)
=£l¢r?o +L>¢QO T /_1»;25210_12)
4 < '
0 1 2
. : (10-12)

This phase difference A\g is kept as small as
Possible to enable the wanted higher order modes to
efficiently shape the beam. Ais per these considerations
and the consideration for the Propagation of only dominant
mode in the first flare section, and for the Propagation
of TB/TM1o higher order modes in the oversized waveguide,
the double-flare horn was designed to have the following

specifications

QO = 3,06 cm
Q = 6.1 ecm
(22 = 12 cm

The first flare scetion was designed to have a square cross
section (2.54 cm x 2.54 cm at the throat end, and 3.2 cm x

3.2 cm at the discontinuity junction) and s flare-angle

of 3 degrees, and the second flare section (i.e. the oversized

guide) with a flare-angle of 6 degreces and of rectangular
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c¢ross section. The aperture dimensions of the oversized

waveguide were, i =6 cmand B = 4 cm,

7+2.5  EXPERIMENTAL RESULTS

To evaluate the performance of the multimode
dielectric coated horn experimentally , a X -band double-
flare multimode rectangular horn antenna was fabricated for
the design specifications detailed in Sec. Te2.4 (see
Fig. 7+1). The E -plane walls of the horn were loaded with
5 mm thick polyethylene (gr = 2.3) sheets. Experiments were
carried out with the horn excited with TE1O mode at a
frequency of 9.64 GHz. The E —plane and H -plane radiation
patterns (experimental) are depicted in Fig. 7.2a and
Fig. T7.2b respectively tog ether with those for multimode
horn of the same dimensions without dielectric loading. It
is noted that the pattern directivity has inereased
significantly, but at the cost of a slight deterioration
(particularly in the B —plane pattern ) in the sidelobe
level. But, eventhough there is a little increase in the
sidelobe level gas compared to that for the multimode horn
without dielectric coating, the sidelobe level is well
below that of empty and dielectriec loaded conventional horns
of the same dimensions. The validity of the expression for

the radiation pattern [Rq.(7.10)] is upheld, by establishing
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the theoretical results in good agreement With the experimental

results, in Pig., 7.3.

In an effort to explore the Possibility of attaining
highly directive patterns with low sidelobes from the test
horn, experiments were repeated with paraffin wax (er=2.25)
spheres of diameter 4 cm, 6§ cm and 9 em Placed in front ok
but displaced from, the aperture of the dielectric coated
miltimode horn for the minimum input VSWR performance( 85 ]
The sphere off-set Positions were determined €xXperimentally
[68],[69] and the positions were found to lie between 1.6 cm
to 2.2 em from the horn aperture for the 3 sphere sigzes tested,
with VSWR values of 141, 1.3 and 1.9 for the respective
spheres. The spheres were held in position by cotton
tapes that did not interfere with the microwave radiation.
The results of the pPattern measurements are presented in
Fig. 7.2a and Fig. 7.2b together with those for multimode
horns with and without dielectric loading. It is seen that
the dielectric spheres placed at the horn aperture have
improved the radiation patterns of the dielectric coated
mltimode horn with significantly reduced sidelobe levels,
and increased directivity. The dielectric sphere loading
also increases the ONn-axis gain of the horn. The saln variation
of the antenns System as a function of the dielectric Sphere

diameter in wavelength ig plotted in Fig. 7.4a ( The gain
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level of the empty multimode horn, and that based on Rq.(7.18)
are also included). The decrease in the-3 dB beamwidth of
the patterns due to dielectric sphere loading is depicted in

Fig. T.4b as a funetion of the sphere diameter.

In order to ascertain the applicability of this
class of antennas over a wide frequency band, the effect of
varying the operating frequency on the performance of the
test antenna was observed over a frequency band extending
from 8 GHz to 12 GHz . The radiation pattern was found to
be free from degradation over at least 1.5 : 1 frequency
bandwidth. The bandwidth properties of the horn are depicted
in Pig, T7.5a and Fig. 7.5b. Between 8 GHz and 12 GHz, the
half power beamwidth ranges only from about 40 to 36 degrees,
Because of the presence of beanm shaping higher order modes,
the eflfective E —plane beamwidth is approximately equal to
the H —-plane beamwidth to result in a off-axis polarization
axial ratio near unity. The Polarization axial ratio for
every 20° pattern plane was found to be less than 1.6 @B,

The variation of Polarization axial ratio as a function of
frequency is shown in Fig. T.5¢c. TFor the frequency band
extending from 8 GHz to 12 GHz, the axial ratio varies
from 1.2 to 1.1; and from 2 Practical stand point this
¥Yepresents a relatively small deviation from circular

polarizatien,
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From the results it has been concluded that

1) Multimode dielectric coated rectangular horn
antennas have desirable radiation characteristics
with increased directivity and on-axis gain . Due
to the presence of beam shaping higher order modes
the sidelobe levels of this Particular horn antennas
are considerably low as compared to the sidelobe
levels associated with dielectric loaded conventional
horns.

ii) The radiation characteristics of dielectric coated
miltimode horn antennas can be improved further with
significantly reduced sidelobe levels, greater
directivity and increased on-axis gain with off-set
Placed dielectrice spheres in front of the horn aperture,

iii) Asthemltimode dielectric coated horn is seen to
radiate circularly polarized elliptical beam (the
€lliptical cross section beam is a direct result of
the rectangular shaped aperture) with gocd off-axis
bPolarization axial ratio, the antennsp system with
dielectric sphere loading will offer a desirable
antenna device with greater directivity and low
sidelobe levels for applications in satellite
commnication systems to efficiently illuminate an

elliptical shaped zone on the surface of the earth.
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iv) As the =3 dB beamwidth of the antenna can be
controlled by the off-set placed dielectric sphere
dimension, the system alsc offers a variable

beamwidth facility.

T3 BEAM SHAPING HYBRID MODE DIELECTRIC
LOADED HORN

In this section a highly directive, variable beam
hybrid mode dielectric loaded rectangular horn that utilises
the technique of combining several higher erder modes for
beam shaping has been analys ed . For a known symmetrical
throat excitation the amplitudes of the various modes in
the horn have been determined by means of modal expansion
of fields, and the mode amplitudes thus obtained are used
to evaluate the radiation patterns derived by the aperture
field method on the basis of the vector diffraction formula.
The characteristic equation as well as the expression for
the on-axis gain of the hybrid mode horn has also been
derived. The significance of higher order mode content in
shaping the pattern of dielectric loaded horn is theoretically
demonstrated, and the theoretical results of the hybrid
mode horn with symmetrically loaded H -plane walls are
established in good agreement with experimental results.

Experimental results of the horn with symmetrical dielectric
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loading on E -plane walls, as well as E -plane and H -plane
walls for considerable control over the E -plane and H-plane
patterns by an appropriate change in the higher order mode

content are also included.

Te3e HYBRID MODE HORN WITH SYMMETRICAL DIBELEGCTRIC
LOADING ON THE H-PLANE WALLS OF THE HORN

Modal fields in the horn;

The horn with symmetrical dielectric loading on
its H -plane walls is shown in Fig. 7.6 . The boundary
conditions are satisfied by assuming the modes to be TE to
y, and the fields of these hybrid modes can be derived from
an electric vector potential F[52]such that F = i& v,
where Ey is the unit vector in the y —-direction. The proper
forms of the potential function ¥ for the horn axial region
and the dielectric loaded region respectively are given by
—jkzz

C_ cosa coSs o e
0 B 0 y A ~

=
Il

q = D, cosay 5 y) cos =
(I’l = 19395,")
where Cn and Dn are constants, The separation parameter

equations in the two regions are
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2 I <8 B, A 2
U < f e
2 g 2 2 2 {7422)
nmw 5. w
- ( K g s R B ey )

The subscripts 'o' and 'd' denote the horn axial region

and the dielectric loaded region respectively.

The different field components in the horn axial
region are derived by substitution of mo in the appropriate

field relations [52 ] and are obtained {see Appendix J-1) as,

=1 8
e e nmn A
Exo i 09 kZ cosa ycos - X e
-jk =z
BT N )1 Z
L T Cp cosa_ ¥ sin X e
Bog =0 (7.23)
@ nmw ! =5k 2
Ho = sde O, 810 & v gin %% At - T
X0 F “’O £
3.k o -ik 2
H = 72—5—9 ginn ¥V cob % e
20 Jedp, 0 A
C =f e
H = n 2 2 nm 7
yo o (ko a, ) cosa_y cos = X €

Similar field components can be derived for the dielectric

coated region by using wd in the field relations, and are
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obtained as,

Bxa = 1 Dyk, cosay ( % -y) cos %gx e—ijZ

B S By %?cosad ( g ~y) sin %g x e_jk :

ol (7.24)
HXd A J(JQ-—']_IJ;O Dn ad % Sinad( g -y) sin %TEX e—ijZ

B == j§§%%;9 sinay ( g =) dpa %g 2 e—jkzz

Hyd iy 5‘5‘0"'(}(1 2_ad2)008ad(g—y)cos _1'1_75 1 e—ijZ

A transcendental equation relating to a, and aq
is obtained by matching the tangential E - and § - 1614

components at the air-dielectric interface (i.e. at y = % -3)

and is given by

B

a tanao ( e -8) = - @y tanags (7.25)

0

where s = the thickness of the dielectric layer.

With the assumption of dielectric loading by thin
slabs of low permittivity, and of the same value of
bropagation constant kz for both the regions, an explicit

solution for G, can be derived from Eq.(7.22) and (7.25);
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and is obtained as

g 2 _4 28
0’ ==k (o, =12 (7.26)

Far field patterns of the hybrid mode dielectric
loaded horn:

The radiated far-field components of the hybrid mode
horn with dielectric loaded H -plane walls may be derived
by the aperture field method based on the vector diffraction
formila[44] .Here, it is assumed that reflections occur
from the open end of the waveguide,and the field in the
aperture is the superposition of the direct and reflected
waves [ 44, p— 147 ] . Accordingly the transverse E - and

H ~-fields over the horn aperture are given by

I I L (7.27)

where Eti the inmpident field in the sperture

=i B

i B, nw 17 (7.28)
=i, By, = J Cpk, cosa ycos o X @

end . Fowelt =T ) Ry, (7.29)

where | = the reflection coefficient given by the

approximate formuila



~A G

Now the radiation patterns in the E -plane and H -plane
respectively, by the vector diffraction formila [ 44,pp -147-148]

are given by

e Kk
o} Hn
Ee(e) = . (1+ EE L cos6)
2)\0 r o 1+r'
3koy881n6
éf Exs e dXS dy
(T«36)
i [ Kk
d o
E g W o T o
¢(6) N o (cosb + = o )
0 - F i T
JI R eJkOXSSine ax. 4y
. xs’ s 8

It is seen in Appendix J-2 that, by inserting
Bgs. (7.27) and (7.28) in BEgs. (7.30) the respective radiated

far-fields are derived as,
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: e -
7 R e ;
Ee(e) = 2 anz (1+ r— ) e T (1+ s rf cosf)sin %E

1 ‘ ! 1

B = B :
w1k sine cos(a_ = )sin(k = sins)
a °—(k_sing)® | © °2 °2
0 o
1 4
- : B B' .
a 81n(ao = )oos(ko g sing)
{1313
-jkor ¥ -
1- . (T
B.(e) =20k {1+ [ ) L e Eaap ey o 1 1 )sin —
¢ i . Re® Ko 1+ > 2
A B'
oos(ko 5 sind) sina_ 7
2 2 (7.32)

s [(kosine)z—( %g)gj

(Bxpression for Ee(e) and Eﬁ(e) show that for non-zero
refifation fieldn, A = 1,3,5. cq)
where B' = B -28 y S being the thickness of the dielectric

layer.

The radiation patterns are found to depend on the modal
amplitudes Cn’ there by giving a ~facility for pattern shaping
by controlled amount of higher order mode contents. The
patterns based on Egs. (7.31) and (7.32) have been computed
for typical test values; and the results are plotted in

Figs. 7.9a and 7.9b together with the respective experimental
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patterus.

The on-axis gain of the horn:

The total power radiated from the horn aperture

is given by

P, = %Re.[gf @, x H, ) ds]
B2 /e *
i B
= zRe [—B“[/z _A% Byg Hyg dx dy ] (7.33)

From BEqgs.(7.23) and (7.29)

B e T Ho o
{ =Sl %
= <% [ )ju;L (kog—aoz)cosaoycos%g <
2 (7.34)
Thus from Egs. (7.27), (7.28) and (7.34)

B k

xs _ (1+ ) W Y
How 2 = (7.35)

(1= [ ) (ko2—a02)

Inserting the values of Exs from Bge. (7.27) and (7.28),
and Hys from Bq.(7.35) in Eq.(7.33), the total power

radiated by the horn (Appendix J-3) is obtained as,
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2 2
I 2( I F“) (ko e 2
o8 B W Ty AT )
0] no

(¢ B"+ sina B')
0 o)

(7.36)

G

The on-axis gain of the horn is defined as

¢(0,0) = 4m BL0,0) .0 e B0, 0) = ;—-n B

Pt 0

5
max

Using Egs.(7.31) and (7.36), the on-axis gain is obtained as,

k
= &2
64k k A(1+ 2 ) ,
T e O e
a{0,0) = | s 3 = : (7.37)
n n,&o(1—r— )(ko <67 ao(aoB +sina B')

Substitution of the qﬁantities in Eq~. (7.37) enables the
evaluation of the on-axis gain. The gain lue to higher
order modes are found to be inversely proportional to the
Square of the mode number n, where as the higher order mode
contribution to the total power PJG depends on the square of

the modal amplitude Cp ( see Bqf7.36) )

The gain for the dominant HE11 mode becomes

64k k & (1+ EE l:£:)2(1+f“ ) si £
e T — sin a
o 14|

G(0,0) = ? 3oz (7.38)
TN =T )G, "~a,%)a (a B' +sing B')

B!
7,
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The value of the gain computed on the basis of Egs.(7.37)
has been found in satisfactory agreement with the experimental

results.

Todat HYBRID MODE HORN WITH SYMMETRICAL DIELECTRIC
LOADING ON E-PLANE WALLS OF THE HORN

In this case the modal fields in the two regions

are derived from the potential functions

—jkzz

=
il

U
Uy cosa, X cos = y e
(7.39)

—ijz

Ry nn
Wd =D, cosay X cos g ¥

wigh o= 19585,

As in Sec T7.3.2, the separation parameter equation in the

two regions are

% B A il ko
(7.40)
2 nm 2 o B B
St & B ) vk, = ek (k)

The different field components in the two regions may be
determined by using wo and‘wd given by Egs. (7.39), in
the same manner as in Sec. 7.3.1, and are given for the

respective regions by
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Here also the transcendental equation and the
explicit solution for a, are obtained by the same procedure

used in Sec. 7.3.1, and are given respectively by

o, tan a, (

i

-g) = - ay tana,s (F45)

and
5 L 2 iy 2s
ao B, | ko (er 1) -A (7-44‘)

Following the procedure in Sec. 7.3.1, the radiation
patterns in the E -plane and H -plane for this case of
dielectric loading on the E —plane walls of the horn are

obtained as,

= —jk r
nn k 2 LA
Ee(e) - 20k (1 E_ ——F_cose)(1+| _f;;?_ sin <5 .
1
sin(ao % ) cos(ko g 5ind)
(7.45)

ay [ (k_sing)?-( e =

and = 6 Lo
i Bl .8 8 5 F
Eﬁ(e) = =
nm Ao

(cose+ E_ YO+ Jetn £
14 e

1 rhA s 1 :
| oos(ao 5 )81n(ko 2 .5in6) Xk, sine

2 : 2
e —(k081n6) .

A Al -
R, 81n(ao 5 )cos(ko < sine)

(7.46)
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Here also it is seen that the radiation patterns are found
to depend on the modal amplitudes G, so that the patterns

can be shaped by suitably combining the higher order modes.

The total power transmitted through the horn aperture
and the on-axis gain of the hybrid mode dielectric loaded
horn in this case can also be obtained in the same manner as
in Sec. 7.3.1., and are derived respectively as

2

. 2
5, = °n (1-[7) [k ¥_s ( Br 2] (1+]7 ) k 3 (aOA'+sinaoA')
(1+] ) 3 P kO N, . iy
(7 k)

K
64k k B(1+ 2 hel” )e

A e
G(0,0) = .
iy n°r 22 0=
Sin(ao %')

(7.48)

g8 nmw (2 R 1
[ el = ) ]ao(aoA +sina 4 )

The dependence of P, and G(0,0) on the higher order modes

are found to have the same nature as for the H -plane walls

loaded case.
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Tedey EVILULTION OF MODAL AMPLITUDES OF HYBRID
MODE DIELEGTRIC LO4DED HORN BY MOLAL
EXPANSION OF FIELDS

Generally the modes existing in a waveguide depend
upon the excitation of the guide, and the amplitudes of
the various waveguide modes can be determined from the known
tangential components of E (or of H) over a guide cross-

section.

The horn throat structure of the hybrid mode
dielectric coated horn under consideration is shown in ®E.T.7.
The horn throat is excited symmetrically by four identical
X -band waveguides carrying TE1O mode, The mode amplitudes
are computed using modal expansion of fields with the
assumption that the guide is matched at the junction where the
four X -band Waveguides join with the dielectric loaded
horn (i.e. there is no reflcction and only outward travelling
waves exist ). The method shall be illustrated for hybrid
mode horn with dielectrie loading on H -plane walls as

follows

Consider the guide junction of Fige?.T. It 8
desired to determine the fields for z> O from the known
values of the tangential fields at 2= 0 under the assumption
that the guide is mateched. For TE modes, let these

Jmn
modes can be determined by the superposition of the mode
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Potential functions given as

co n —Jk Z

7 = 21 Ciy cosg, ¥ cos-jg xe O (7.49)
n=

where a, is the value of @, in Bg.{T&2) for m = 1,

n = any integer, and G = mode amplitude.

8

co nmn "‘ijZ
q nzﬂ Cmn cosamny cos —¢ X e

(In fact § = s but

m

I ™

here consideration is restricted to m = 1, having a dependence
of EX on y such that EX = 0 only at y + %.)

In terms of J , the tangential fields EX for she TEymn mode

(Ey =0) at Z = 0 is given by,

| ay v/ oy 4 nmn
EX = 5E | = kZ i=1 C1n cosay .y coS— X
!z =0 ]Z=O

(7.50)

Now lel there be a wave incident on the junction from the
smaller guide ( X-band waveguide) and let the larger guide
(the dielectric loaded horn) be matched. The smaller guide

is carrying a TB,, mode and hence at the junction(z=0),E_

-Z:O
is the incident wave due to the TE1O wave 1in the smaller
waveguide , and is given by

E s o
L cos < X T N

=0 ¢ F2.0
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Thus by Eq. (7.50), it becomes

% i 0 : nn
coOs ; X = kZ nE'l C1n COSCL,]ny a8 T B 4 (7051>

It is seen in Appendix J-4 that the modal amplitude Cn is

obtained as

Bl 2 cosnn(égég) cos %E% [éina1n(d+e)—sina1n§]
= C
C = :
1n \
T e [( % )2 v f % )2 ] (a1nB + 81na1n3)

(7.52)

where the constants, 4, B, a,b,c,d, and e are the dimensions
of the throat structure and are given in Fig, 7.2.From
Eq.(7.52) it is seen that the amplitudes of the higher order
modes can be varied by a suitable choice of the throat -
Structure, and can be used for shaping the patterns by a

controlled amount of higher order mode content.

The modal amplitudes for the horn with dielectric

loaded E -plane walls can also be computed in the same manner,

T34 COMPUTED RESULTS

Assuming that HE11 and HE13 are the possible
significant hybrid modes in the horn, from Eg, (7.52), the
ratio of the amplitudes of modes with n=3 to the fundamental

mode with n = 1, becomes,



=150

d ¢ L] )2 cos 3n(a+2c) cos 3na
15 A S 24 24
c A et -
& ( T )"=(2)" cosn(at2c) cos na

24 2A

. k ) ;
Slna13(b+d/ —Sln13d (a11B - 81na11B)

(ST
sina11(b+d)—sina11d (a13B + sina13B)

where a4 and @y are the values of a, for the HE11 and

HE13 modes, and are found from Egs. (7.26) and (7T<22). (In
obtaining the modal amplitude ratio, it is assumed that the
modes are having the same propagation constant kZ). Inserting

the values of the throat details and ayq and a for the

13
particular case of the horn given in Fig. 7.7 the relative
b

modal amplitude is found to be

—2Z = 0,25 (7.54)

Thus it is seen that with Proper choice of the
throat specifications, the higher order mode content
relative to the fundamental mode can be controlled: and
these controlled amount of higher order modes can be combined
with the fundamental mode to get the desired beam shape.
To establish the effectiveness of this technique for the

dielectric loaded horn, patterns based on Egs. (7.31) and
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and (7.32) were computed for various ratios of modal
amplitudes 013/011 . The results of the B -plane and

H —-plane patterns are plotted in Fig. 7.8a and Fig. 7.8b
respectively and are seen that the higher order mode contents
blay a significant role in determining the beam shapes(-3 4B

beamwidths) in both the planes.

ey EXPERIMENTAL, RESULTS AND COMPARISON
WITH THEORY

In order to test the validity of the expressions
derived, experiments were conducted with a rectangular horn
of length 9.906 cm ( A = 7.62 cm and B = 3.8 cm) loaded with
bakelite ( ¢, = 3.5 ) sheets of thickness 2 mm on the H —plane
walls. TFour X -band waveguides are inserted symmetrically
into the horn throat for the specifications detailed in
Fig. 7.7. The horn was excited similtaneously by these
four X -band identical waveguides carrying Tqu apde at a
frequency of 9.64 GHz. Theoretical patterns based en
Bgs(7.31) and (7.32) are compared with the respective
experimental . patterns in Fig. 7.9a and Flg., 7:9%, and axe
found to have reasonable overall agreement., The slight
discrepancies may be interpreted as due to the presence of a
small amount of surfacewave propagation along the dielectric

loaded walls.
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The on-axis gain determined by Bq.(7.37) and its
experimental value are found 4o be almost equal, being 18.5
and 19.2 respectively, The experimental results with the
E- plane walls of the horn loaded with the same dielectric
material are shown in Fig.7.10. The patterns of the horn
with both E - and H - plane walls loaded with the dielectric
material have also been observed, and are depicted in
Pig. 7.11 to show the feasibility of using all the four
walls of the rectangular horn with a dielectric material to
have a dual polarised horn with considerable control over

the E -plane and H -plane patterns.

From the results, it may be conecluded that the
technique described can be used for shaping the patterns of
hybrid mode dielectric loaded horns by combining higher
order mode amplitudes. The cross-section of the beam will
be elliptical as a direct result of the rec tangular shaped
aperture, and hence this hybrid mode horn generating an
elliptical shaped beam with a variable beamwidth ( beam
shaping) facility can be used éither as a monopulse radar
antenna or as a multiple ‘beam parabolic antenna feed for
applications in satellite communication systems to
efficiently illuminate an elliptical shaped zone on the
earth's surface. Hybrid mode dielectriec loaded horns will

have more pattern directivity than the corrugated horn used
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by Manwarren and Farrar [84] . Hybrid mode dielectrie
loaded horns will also have the additional attractive

advantages of its light weight and ease of construction

7.4 CONCLUSION

The radiation characteristics of two types of
miltimode dielectric loaded horn antennas have been
investigated. A double-flare multimode horn with dielectric
loading on its E -plane walls have been found to possess
desirable radiation characteristics with increased directivitby
and on-axis gain. The sidelobe levels, that are generally
higher with dielectric loading, are also reduced in this
case due to the presence of bean shaping higher order modes.
Investigations have proved that dielectric sphere mounting
at the aperture of the dielectric loaded double~flare horn
is effective in further lowering the sidelobe levels, and
narrowing the -3 dB beamwidth. The antenna that generates
€lliptical shaped beam with a nearly unity polarization
axial ratio can find its applications in satellite
commnication systems to efficiently illuminate an elliptical

earth zone,

The possibility of beamshaping with dielectric
loaded hybrid mode horns has also been established. The
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importaence of higher order .node amplitudes in shaping the
patternsof the hybrid mode horn has been illustrated both
theoretically and experimentally. The dielectric loaded
hybrid mode horn may be used as a monopulse radar antenna
by virtue of its beam shaping facility, light weight and

ease of construction.
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SUMMARY OF RESULTS AND CONCLUSIONS

8.1 SUMMARY OF RBSULTS

The present work provides a comprehensive study of
certain dielectric loaded improved feed systems. The
improvement of perfermance of conical horns with dielectric
loading is investigated in chapter III. First the effect
of placing a homogeneeus dielectric sphere in front of the
aperture of a radiating wide angle conical hern is analysed
and results are compared with experiments to shaw that
dielectric sphere loading has increased the directivity
of conical horn. It is also observed that the directivity
is dependent on the sphere diameter and its distance from
the horn aperture, thereby giving a means of multiple beam
facility. Then the performance of conical horn with
dielectric coated walls has been analysed, and results
showed a remarkable improvement in the directivity at the
cost of slightly increased sidelobe levels. The dieleciric
coated horn 1is investigated with off-set placed dielectric
spheres at the horn aperture based on the method due to
Bakefi and Farnel[¢] and is found to produce patterns

with narrow beamwidth, higher on-axis gain and law sidelobe
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levels. 1In the same chapter the radiation behaviour of a
conical horn with a helical boundary has also been studied using
Spherical hybrid modes; and the teéchnique of dielectric sphere
loading is successfully utilized to improve its radiation
patterns with greater gain, reduced -3 dB beamwidth and

low sidelobes.

The radiation properties of biconical horn with
appropriate dielectric loading are investigated in chapter IV.
Results show that dielectric loading has resulted in a
considerable increase in the directivity of its vertical
pattern, and less variation from uniformity in its

emnidirectional horizontal pattern.

In chapter V, the radiation behaviour of corrugated
horns in the presence of dielectric spheres in front of their
apertures has been studied by the scattering theory approach
[15] .The performance of corrugated conical horn as well as
corrugated E —plane sectoral horn is found to improve
considerably in respect of directivity, gain and sidelobes.
These corrugated horns with off-set pPlaced dielectric
spheres at their apertures are seen to be efficient antenna
feeds with variable beamwidth facility for paraboloidal

reflectors for many space applications.

An extensive study of the radiation Properties of
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dielectric loaded sectoral horns has been made in chapter

VI . Analytical results established in good agreement

with experiments show that the axial directivity of dielectric
loaded E -plane sectoral horn is significantly increased

at the cost of slightly deteriorated sidelobe level. The
dielectric sphere mounting over the radiating horn aperture
is found effective in reducing the sidelobes as well as
narrowing the beamwidths. 4Accordingly a dielectric sphere
loaded dielectric coated E —plane sectoral horn is suggested
as an effective multiple beam feed for large paraboloidal
reflectors for possible applications in satellite communication
and radio astronomy. The other sectoral horn considered in
this chapter is a H -plane sectoral horn with a cylindrical
aperture that inherently will have reduced sidelobes.
Dielectric loading on the H —plane walls is found to
increase remarkably the axial direetivity of ite radiation
patterns. The sidelobe level is satisfactorily low, as the
raise in sidelobe level probable with dielectric loading is
rendered ineffective by virtue of its cylindrical aperture.
Analytical treatment is extended to wide angle horns as
well, Dielectric loaded H —plane horns can conveniently

be used as efficient sources of microwave energy for

antenna range applications.

The development of two improved feed systems on the
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concept of multimode operation is discussed in ghapter ¥il.
A high gain dielectric loaded X —band double-flare multimode
rectangular horn antenna operating in two orthogonal

E

+TE/TM12 and TE +TE/TM21 mode sets is found to generate

10 01
circularly polarised elliptically shaped beam. The antenna
is found to have greater directivity, approximately equal

beamwidths in E — and H -planes, and reduced sidelobes as a

result of multimode operation.

The radiation characteristics of dielectric coated
multimode horn antennas are improved further with
significantly reduced sidelobe levels, greater directivity
and higher on—axis gain by dielectric spheres mounted over
the horn aperture at an off-set position. This high gain
antenna system generating circularly polarised elliptical
beam with good directivity, low sidelobe levels, equal
B -~ and H —plane beamwidths and an approximately unity
polarization axial ratio can be used as an effective antenna
feed for satellite communication systems to efficiently
illuminate an elliptical shaped zone on the earth's surface.
In the same chapter, a highly directive multiple beam hybrid
mode dielectric loaded horn that utilises the technique of
combining several higher order modes for beam shaping has
also been discussed. The importance of higher order mode

contents in shaping the antenna pattern is illustrated
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both analytically and experimentally. The technique of appropriate
dielectric loading for considerable control over the B -

and H —plane patterns are established. Such antennas with

multiple beam shaping facility is important for several

Space applications that require simultaneous change in bhe

concentration of energy toward different directions.

The performance details of the various antennas
discussed are enlisted in Table I ., The importance of
dielectric loading in improving the radiation properties of
the antennas for specific applications are evident from

this table.

842 SUGGESTIONS FOR FURTHER WORK

The development of some improved dielectric loaded
efficient feed systems for large paraboloidal reflectors
for many space applications has been outlined. Still there
are many dielectric loaded antenna systems that deserve
further investigation. The radiation characteristic of the
dielectric coated conical horn analyzed is for small flare
angle cones ( Gy 2 30°) only with no phase variation of the
aperture field. A ready extension would be %o consider
wideflare angle ( i.e. eo b 300) conical horns. To calculate
the radiation patterns of such wide angle horns accurately

the transverse electric field over the horn aperture should
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be wused without any approximations in Silver's formula

[125] for the diffracted far fields,

Recently considerable attention has been directed
to the broad banding of horn feeds with ring loaded
corrugated circular waveguide (RCWG) structures. The broad

banding of high directivity dielectric coated ¢onical

horns can be investigated with corrugated flanges.

As the elevation beamwidth of a5 arg or ‘g rting
array can be narrowed by stacking several such arrays one

above the other with g broper spacing, it is worth while

te extend research on dielectric coated conical horns with
several identical slots ocut on the conical surface of the
cone so that equispaced slot ring arrays are placed one
above the other in g cenical configuration (i.e. a conical
array of slot rings). The radiation pattern of such g
conical array can be computed by means of the Space factor
method suggested by Govert and Yang [45] for antenng array
conformal t; surfaces of revolution from g knowledge of the

pattern for a slot op the dielectric coated cone (i.e.

element pattern), Such g study is particularly important

in view of the need for communicgtion through plasma sheath

oy Speacecraft during re~entry,

Further investigation is also suggested on the
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directivity characteristics of a uniformly excited N x N

array of conical helix horn ( conical horn with a helical

. boundary) in the presence of off-set placed dielectric spheres
at the horn aperture. Once the element pattern is expressed
the field pattern and directivity of the array are computed

in the usual way. The improvement of the corrugated horn
performance was done by dielectric sphere mounting at the

horn aperture. The behaviour of radiating corrugated horns
with dielectric cylinder in front of the horn aperture is an
interesting subject of further investigation on the basis

of scattering theory approach.

The dielectric loaded E -plane sectoral horn that is seen
to possess increased directivity can be investigated for
applications as a feed for the short backfire type of antenna.
Perhaps optimum performance may be obtained by a backfire
aperture consisting of a large reflecter trough and a
small reflector strip as suggested by Large [79] . The short
backfire antenna can also be tried with a dielectric loaded

rec tangular waveguide as its feed.

Currently the technique of multimode operation for
pattern improvement has gained considerable attention, and
hence the multimode operation discussed for a dielectric

loaded double flare rectangular horn can be extended to a
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double-flare conical geometry in view of the inherent

symmetrical pattern property of conical horns.

It is strongly felt that investigations are to be
taken up in the case of reflector antenns with dielectric
coated inside surface. The dielectric coated reflector
antenna is expected to give better performance ( with reduced
spillover) in view of the total internal reflection (TIR)

bproperty of the boundary between dielectric media.

Further it will be useful to assess the relative
performance of the improved feed systems discussed in this
thesis report. For this €ach feed system is to be designed
for »ptimum performance, and then the relative performance
may be accurately judged for the choice of the most efficient

feed system.

In conclusion it may be said that eventhough some
dielectric loaded improved horn antennas have been investigated
in this thesis, and further works suggested herein, more
efforts are essential in this field in view of the ever-
increasing demand for physically small efficient antenna feed
systems for nany space applications. But it ig hoped that
this 1nvest1gatlon report together with the suggestions for
further works would prave to be a worthwhile contribution

to the class of improved microwave antennas.
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APPENDIX 4

EQUATION FOR DIELECTRIC SPHERE MOUNTED CONICAL HORN

41 THRL CONSTANTS OF THE SCATTERED FIELD POTENTIALS

The boundary conditions to be met with are that the

tangential components of E and H must be continuous atr =5

i-eo o L = & o =
By = By ¥y 7 Hg
55 Ry S
+ - + -
By = - H = H
@ /) /) @

The superscripts - denote the region r < b, and the
superscripts + denote the region r > b. The total field
external to the sphere is the sum of the incident and
scattered fields, and hence by Egs.(3.4),(3.6),(3.7) and

(3.8), matching Ee at r = Db, it becomes,

- 350 1 ' A
5 o Nocosy Pn(oose) [ aﬂﬁn(kob)+Can (kob) 1 #
1k
0 At a(2)!
cosf [ a d (k b)+b H - A
juseor e - e iy o 0
) 1
= Pn(cose)
= - ! N .cosd e P1(oose)3 fin) ] k,cosgd_ .
reing 1 n-a el jweqr 1 n
A g =1
J,(k,b) 35 Pn(cose)

Equating the coefficients of Pl(cose) in the above equation,
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it becomes,

[ a3y () + 0 8(2) (i v)1- ny Cndnlcd) (a-1)
and equating the coefficients of g@ P (COS(),
Kk k.
¢ Al /\(2)( i | Al 2
5 [ apdn(kd) + b H' (k b) ] = o d .7, (k,b)  (a-2)
Similarly,
H, = Hy atr =1b gives the relation,
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S * ol Jwur n
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Equating coefficients of P (cose) in this relation it is

obtained,
~ /\(2) _ A
aan(kob) * b H " (kD) = d J (k;b) (4-3)
- .. 3 1
and equating coefficients of 35 P (coss),
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Pay
Multiplying Bq.(4-2) by J (k,b) and Bq.(4-3) by . 3

it becomes,

for® a3 (k,b)3 (k,b) - “o v 8% e by 5 ep
B CFie o e In ¥y E; nn (ko In k42)
I I'(k BT (k. b
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and
% k
1 A ~1 o = '\(2) At \
= aan(k1b)Jn(k1b) = BH, (ke b) J, (k,b)
< (k ©)3' (. b
- Bpdn v )Jn 19 HA=E)
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Multiplying Bq. (A-7) throughout by ey €,
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(L-8)

Similar. operations on Egs. (4-1) and (4-4) would give,

P At ot . A
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\_,n n
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(A-9)

Substitution oftypical test values of the sphere
diameter 'b' , permittivity % and the operating
frequency f, in Egs. (A-8) and (4-9) will give the values
of bn and C, respectively, in terms of a, whose value is

defined by the relation,

. =Tl
", = 3 §2n+] )

nin+ 1)
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A-2 RADIATED FAR-FIELD
The total field at any point in the far-zone region
is the sum of the incident and scattered fields. Thus by

Eq. (3.4) the total field components at the far-zone point

become
3°4"
o s . 1 3 o+ 1 Ay
B, o8 S sl F
6 6 5] rsing 3¢ r Juig v - Oylu
0
(4=10)
+ b L 1 Fit
Eﬁ = ES/ i E¢ = - — P + _a r_
i r §e r jugeorsine 3rd
The values of a* and F; are given by the
r
Egs. (3.6) and (3.7) as,
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g R Wi i et BRTh
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From the above Eqs (4-10) and (4i-11), the field components

are obtained as

- N _ cosf ¥ ﬁ(Z) (k r)P1(cose)(a ey o)
rsing n=1 1 0 n i R

™M g

1
k cosg ﬁ(g)

Ry
jwe r 0 s N (kor)(an+bn) 3§Pn<oose)
0
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and
T = 1 n t i ’\(2) 3 1 A
Eﬁ = g sing nE1 H, (kor) 35 Pn(cose)(an+cn) 3
— ( =)sing k ) ( )’ (k r)P1(cose)(a +b_)
jubsorsine B i n 0 n nn

Using far-field approximations (i.e. for 6 e

el n+1 —jkor and 3 . -3 ) E+ and E+ become
il (kor) = 3 e H s @ y
2 exp(—jkbr) os -
Ee = = Mg 8080 w— . F j
r n=1
[2; (o) (ayro,) + 25 Plcose) (a v ) 1 (a-12)
and .
exp(=jk _r) o
Eé =1, sing - 3 3n+1 ¢
¥ n=1
3 1 ‘ P;(COS@ )
[ 35 Pn(oose) an+on) + e (an+bn) ]
(1~13)

Hence the resultant field at any point in the far-zone becomes,

ER(r) = ieEe + IﬁEﬁ
exp(—jkor) n+1
y n

0

i 8
L
Q

r n

i c
[ {f 1 +5§) P;(cose)+(1+ ) 69 n(cose)j oos¢1

b (cose)
- {(1+(%E ) 35 n(cose) + (1+ §§> = 581n¢1ﬂ]

(A-14)



P cose
n 3 1 =
{14 5‘;). { 35 Pn(cose)008¢le o smmﬁ} J
exp (-jk r) o
S ot e LA o ki .n+1 o {y ~—
"o g G n§1 ’ 2y [ OaMytP N, ] (4-15)
Inserting a, = e (E%E}%) » the resultant expression

for the far-zone field beeomes,

exp(—jkor) ©  (2n+1)

Eo(r) = =g e 07 5 == = (o NB.)
R Mo = b n(n+1)
(4-16)
# O.,
where g, = 744 B
n
n
bn )
Pomd 42 3
X a,n
M, = Ph(c0s6) cospl, - O P!(cos6) singi
N 3 P1( 6) o4 P;(oose) -
= TR, s s o - LE,
B g e DOREy o singi
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L£=3 POWER KADIATED AND GAIN
The total power radiated Wt

1 AL 05, dika %
< % Re ¢=Of @=£ T (ER 53 HR) sinededd |

Noting that for free space Ep (r) =1, Hy {r), by Eq.(a-15)

Wt becomes,

1 = A 5
Wy = gmo S Of [ &, (Mo + N B ) ] sinededg

where M, » Nn’ a  and ﬁn are given by Eq. (3.16)

Inserting the expression for M, and Nn,

T o 1 2
2% XK P_(cosb) -
1 2! & n g
Of = B { [_“—?ﬁjﬁy'm sin @ +

N't = ? noan O

%

| S 2 e
+[§§ P;(COSG)J coszﬁ ,ﬁ ﬁn? ge P (oos@ ] sin2¢ +
Pn (cose)]

sing -~

0082¢j+

ety

1

P_(cose) 3 1 SR :

w20 P 5B 36——Pn(cose) [@oo ¢+s1n_gg} sinededd
By mind i

Using the orthogonal relationships s (o
7 o Pi(oose)] 2 '
of [55 n(oose) ’ L sine - 2l
e {n+1)1
- {Zn+ h=191 n(n+1)
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i
n P _(cose) 3
and f i b s ae £ (COS@) +

1
P, (cose) 2

p’ (cos®) singde = 0
siné 96 n'

the above integral for Wt is determined as,

2 2 2
‘ oo a,~ n (a+1) 5 5
Wy = Ay ¥ & i) (Ian | + B, B
n=7
and replacing amWt becomes,
Wy = n n£1 (2n+1) (bJ +iB
The forward directivity is defined as
2
3 2 r
D, = % ‘ Ep (r) ’ 5
oWy
Making use of the relationships
1
P (cosd) n
- > 2D y(ne)
s8iné . 2
_— §§ P;(cose) - (—;) n(n+1) in the expression
-7
for Ep(r), and inserting the value of &, » D, becomes
2n+1) 2
21(’“ (D" (a, + )
MNe
1)O = o

s
n=1
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APPENDIX B
EQUATIONS FOR DIELECTRIC COATED CONIGAL HORN

B - 1 CHARACTERISTIC EQUATICN FOR DIELEGTRIC GOATED
CONICAL HORN

The fields in the axial region of the horn are

given by the potential functions,

i) (k,7) 7_(g6) exp(jud)

A

(B-1)

il

P %) 0 1) 7 (q8) exp (juf)

i mn n

and those in the dielectric loaded region, to account for

the standing wavee, are given by

Ag = e Fotah) 4 I, (ad) ] ﬁég)(k1r) exp (jm@)
(B-2)

Po = [ epd€an) # L ¥ labd ] ﬁéz)(k1r) exp (jmg)

where &
o 3 B e 3 B
P . Sl 2
“mn To™0 mn T]1 ¥
and fmn
En—lr A n1 BO s With Py % Ho ;eo

" - VW¢§/€1 3 Bo = f-ocpsfflaient depending on

the horn €Xcitation ,m = an integer and n is real and

positive.
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The eigen values 'n' can ve obtained from the

characteristic equation formulamted on the bo

undary conditions

i,
1. the tangential component of E = 0 at 6 = 60
: 2
» 3
£y BY: 3 i) ; + k12) S 853 uava
¥ jwe,  ar2 . =
dofh5:
THis d = - ¢ e (B-3)
mn mn
Yn(ae,)
2. the B -figla is continuous at o = 61
i o = Ed t 6 =96
; n(n+1) ~(2)
ie. a . o {_’-O-E- Hy ' (kr) J, (g8,)
= n(n+1) e J (g8, )+d vy (go.)] B (k. )
sy c L mn" m * 979 mn’m 499/} 8y 1
Jeadg T
(2) g
S 5 i VO
v man (kor) Jm(qe1) g— [ Oanm(qe1) +dmnym(qe1>]'
1
A(2)
| K3 (k1r) (B-4)
3. the H -field is contimious at 6 = @

-1.
Thus

14

|
%y~ By



. a
l.e. _ “mn

ﬁ(g) (k )T (g6 ) +
- n B e VA

jmk b
J 0

mn  a(2)]
H 15T el 6
jeop r sing n" (K709, (a0)
0

»

X %{q[mnm<qe)+d .Y(qe)] H(é)(kr)j

Jjmk '
. 4 (@) (kyz) [ e
Jw Horsing n

mn m(qe )+f m(q91)]

Now inserting the relationships between bmn and B -

®mn 204 ¢ ; f o and dyn 8nd also using Bq. (B-3) the above

relation becomes

“mn { ﬁé2)(kor) 4 J;(q61) .

«

R i By 11882 235 (a0 )]
ju)“osin61 o SRR

qQ éJ (g8y,) T, (qe A s (qe | (qe )
L Badly -

mnt
Va8, )

+

Bodmey 3 B3) g, r) é T0(a94)3, (30, )3, (a8, )y (g, >}]
Fs bosineg, ym(qeo)
(B-5)

Using Eq. (B-3), Eq. (B-4) becomes,
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BEEY s
2 B (i) J(q8,)
”__e_g o (Jm(qe’l )ym(qeo)—Jn1(qGo>ym(qe1) A(g) :
Yn(ae,)

(B-6)
Dividing (B-5) by (B-6), and Tremembéring the relationship

ko Mo = wWig P k,|n1 SWu,s 1t becomes,

! ; ] /\(2)'
Jm(qe1) JuB : (kor/
J,(a8,) sine, 7(2) (k_7)

n 0
H - [}
_ 6_1_ Jm(q91 >ym\qed )—ym(qe’l )Jm(qeo)
B UL

Jm(q61)ym(qeo)—Jm(qeo)ym(qe1)

iB ﬁ(Z)

- e (k1r )

) o ] (B=7)
Bind, Héd)(k1r )

\]
With the far-fiela approximation (i.e. % i S P

mltiplying throughout by 8iné the above Eq. (B-7) becomes,
{
Jm(q61)

9%y qe1'_ suqe,I Ly mBo o

B

a3

—_

I
|

t i 1
[ qsin91 Jm(q61)ym(qeo)—Jm(qeo)gh(q61)

m
Q

+B_ ]

Jm(q61 >ym(qeo) Jm(qu)ym(QGT) (B-8)
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Now restricting the consideration to the case with m = 1,

and the execitation coefficient BO = ¥y the characteristice

€quation for the HE1n mode becomes,

t =
I (q91)
q—-(—-g_ -5- ging, + 1 =

: 1
_ &y Jm(qe1)ym(qeo)—Jm(qeo)ym(qe1)
& S e sing, +1 ]
J (a8, /ym(qeo )—Jm(qeo)ym(qe1 )
(B-9)

Eq. (B-9) is the characteristic equation for the eigen

values 'n',

This equation is solved graphically for a Cielédctrie
coating thickness of 2° with a dielectrie material of
permittivity €4 = 2.25. The graphical method of solution
is illustrated in Fig. B~1. The eigen value n for the
hybrid HE11 mode is obtained by obtaining the first
ordinal root of the characteristic equation. The values
thus obtained are shown in ¥Flg. 3.6 for different values
of the coated cone flare angle 61 together with those

for conventional ang corrugated conical horns.



L.H.8(1) | (1)
R.H,58(2)

N

Neo)
Y

9, 4y, and 43 correspond to the values of g for
HEll 3 HE12 and HE13 mode respectively.

Fig. B-1 Method of Solution of Characteristic
Equation.
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e 2 HE RADIATION FROM DIELECTRIC QOATED CONICAL HORWN

The transverse electric field it over the horn

aperture for HE,H mode is given by

-jkor
T LY €
B S =T e S

Wo(a0) (Ig + jig)exp jg

The radiated far-field can be derived using the vector
diffraction formula; and thus assuming no phase variation
of Et over the horn aperture, radiated far-field at any

point (r,0,¢) is given by

_jk iy ao 21 1 ok
B (,0,0) = § S (14cose) [ ° ['B,. eIk Pcosfsing papaf
R 2N T N R
(B-10)
And inserting the valye of Et for HE,, mode
Clic T
oD ST S
E (r,0,0) = j “57{~Ef-(1+c089)(16+31¢) eI? —jfllg
0
a, 2n JkPcos? sing (B-11)
I o g7, (g8)e O L apag
g B o
2% Jk Pcos@sing 4f = 21 7 (k sing)
But a © o P
o
Thus —Jk r a,
DGR 4§ S (2escas) LT 2nq(ig+iiged? |
a g A .
of I ( T f))Jo(k sine O ) am

(6 g )



ANTENNAS DISAUSGED,

! .( I'ielectric Sphere in front of the Horn Aperture
Empty Horn Dielectrie Coated Horn 4 cm dia. sphere 6 cm dia. sphere Y cm dia. sphere
Horn Type ; ’
Gain |Beain| 1st side- Gain 'Bﬂ.m 1¢+ side-= Gain Bea.m’mt side- |[Gain Tb&&)h 18t side- raaln Beayn |18t side-
in dB [width| lobe levels in dB ' width| iobe level in dB |width lrlobe level |in dB 'width |lobe level | in dB |width |lobe levels
e | I ' :
5 ' . - l
Conical 14.5 | 34° [-12a8 17.5  26° !-11.5dB at 15.5 | - - r16-4 S Wy o -
e e L lz6,8° ; e e | { : —
Dielectric : 19 22° -13,5dB at | 21 19.5% | =16 dB at | 22.5 | 15.259 «<-20 4B
coated coni- - N B [ S = | -~ -0 | -0
cal horn ‘ | _25 2445 | |
- ! . | F e o S e an e ; ]
Conical horn 15.4 | 30° | -9.5aB , 16.4 23 =11 a8 at | 17 20 =12 ak 7.8 16 <-15 dB
:;:Eagf-;lrical ] 'at 30° ) il ! at 29.5° | at 29.5° r|
' - - —_— R e e
Biconical nc.a | 30° |-17 aB 13.3 20° -6 aB at ¥ N r B . = _ 4 M
Horn | | at 35° | | 250 .' ]I
! ! - - — | B == = = e A
| |
Corrugated  15.8 | 34° -16 dB ' |! 1645 | 29.5% -19.54B at| 17.2 26° -22.5dB  17.6 I 22.5°| -20 aB
E-plane 1 (") & == - o o |
sec toral Horn | 8% 33 | 10 | i at 68°
Corrugated  13.5 | 32° | -20 aB | E B (7 ["21° 1 -22aB at | 16.5 23° | Z24.5 aB| 19 j 15° " -23.5d8 |
~Sonical Horn il g = % - 39.5° o at 39° | | at 31° |
| = | | — T/ _,_ ! 1 |
E~plane 3.4 | 38° -24 aB 15.8  30° | -18 dB at = ) r f T
secteral Horn ! ot 320 . 350 e | = = ‘ — ]
| ————— el e | | ’
Dielectric i . ~ i 16.2 | 27° | <21 4 a6| 17 25° | ¢w22.588 Ly 5} 22.5 ¢<-254B T
coated E-plane ; ' . 40° [
sectoral Horn ; I i | ' I
: — — ! — e ; r S ]
H-plane sect- [12.1 30° | =11.5aB 4.8  23°| -10 ab at | ; | . |
oral horn with f 50 o = = 2l = = = e | = - -
cylirderical | at 32 [| 27.5 ' |
aperture [ L ’ ‘
PR W— f . J it i i == - :
Multimode 12.4 | 35° -3¢ ¢B 14.7/ 26°| -26 aB at| . i r
Horn . o = - = = o _ = =
' _at 55 | 50
| — —— — 4
s 1. ! 15.2| 24°| -31aBay 16| 22° -32 a 6.8 19° | -32.54B
mode Horn ; - S f r = 65° at 70 at 55°
|
TABLE - I PrKFCRMANAE DETAILS OF THE VARIOUS TEST

=TT~
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—jkor o
e € Tt p > i by
~— (14+co080) e 2n qao(le+Jl¢> .

S ZAOr

g | i I = q e P
ksin® JO( £ ao) J_1kod(§1ne - J_1( 2 aO)JOKu081n9
[ ]
2
[ i (ksin6)2
L
(B-12)
% = = .
Now JO (g — ) Jo(qeo) 0 Since,
%
By =By =0at 6 =0 ( il 6,)
Thus
—jkor _
. _ AW B i, 1 - B
LR(r,O,ﬁ) = 3 »_7T3:;Em (190888 e Bx qao(10+31¢)e ¢
J4(q0,) Jo(kaosine)
(B-13)

]

Hl o

[

( 2)° Wil

T 7/ -(k_sin®)

0

Dividing and multiplying Eq. (B-13) by a, » By is obtained
™ 7
g O (40586) 2 8 2
T cos8) a4 1,mq 8, 6

B (r,0,0) = %
0

J1(q60)Jo(kaosine)

as,

<i6+ji¢) ejﬁ

- .
(qeo) -(koa051n9)

X ;
5 B JO(kOaOSLne) g o Y2 i
Byqj ———— (1+cos8) (I,+31,)e?
i r (q@o)z—(koaosine)? e
(B-14)

' i w2 2
Where B11 = ai1 no&— q a-o eo J1(qeo)
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THE ON-AXIS GAIN

o
1
A

The total power radiated through a spherical cap

of radius T in the cone region is given by

1 . ; ]
2= e [ LGB, 58 as.

1 1 A
ol S 11 2 2 A
2. . o e §1 J, (a8). L° d@gsinedg
&
%
g L R g G (5 (B-15)
2 o Tt U o o ‘4

This integral is evaluated by assuming that for small

angle cones, sing = 6. Thus Pt becomes,

6

: 2 2 1 2 J
Pt = o No 211 4 Of Jo(qe) 6de
62
- T 1 2 % b fa
=N no‘l'm q '2“ LJO <q91) J_/l(q61 )J1 (q61)]

. 2 2.2 o 2
T2 Tno 211 € 87 [I] (g8y) + 71(ae;)] (B-16)

The on-axis gain (the axial gain) is defined as

. |2 2
G4050) = ix BL0,0)  _ % Ex 4nr T
Pt masr - ‘Ng- b

Irom Bq 8.B-14) ang (B=16),. the on-axris galn bexomes,

e
16n 8, Jitas))
2
3 (B-17)
(qe, )Q[Jg( a0, )+J$( ae,) ]

G(0,0) =
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APPENDIX C

E QUATIONE FOR CONICAL HORN WITH HELICAL BOUNDARY

C-1 CHARACTERISTIC EQUATIONS
The potential functions for modal fields inside the

horn reglon are given by
Cowp e 1.(on) aT00
: T S - i

4 =" T 1r 3 Iﬂﬁ
A Jn(uor) Jm(qe) e

and the corresponding potential functions for fields outside

the ‘horn are given by,

.0 ~(2) jmg
A =0, HZ (kor) Jm(qe) e

(1=2)

o 1) o dmd
W= g 0 (kor) J.(q8) e

with q =V a(aet)

The characteristic equation for the eigen values 'n' may be
formed by the application of the following boundary

conditions

i) Er(inside) = Er(outside) at the horn boundary

Fad, St =g Aidis g

0 o’

Ei) Hr(inside) Hr(outside) at the horn boundary

ts) B, = Eg=Oatr=a, o=20.



<

iv) The functions ﬁh(kor) and ﬁ§5> k r) are taken in
Egs. (C-1) anga (c-2) respectively, as at the horn
radius = O, the field is finite and at r = e, the
field ie infinite.

Modal fields inside and outside the horn regions may be

obtained by the following formulee [52]

EI‘ PR { : e 4K s Il
Jod e ar @ £
s 1 aFr 1 321‘&
I 0 a2t e o e e + i s "“1: [
rsine 3y juwe, 3700
Z
E = .1 a.F.:.r,_ e e _.,_._.1._ i otttz | [ .?....1 Lr
@ x 96 Jwe,  rsine drdg (0=3)
2
Hr = _,_..__.1. =S ( —9-:----“ 4+ ko 2) F
Jd uw U o dr?
a.u. J 2I
H &= S 1 e LT s ..T..r‘,l.- -5 = e
o rsing ¥ e r 3rd¢
0
, 2
HQ;( = - - - R AT, I s e
= 26 JW pyrsing drdg

Thus from Egs.(C-1), (c-2) and (¢-3) recpective fields
become,

inside the horn_

= 1 n(n+1) = Jug
By, & =——— =t a T (kr)J (g8) e
T j(.z..)c‘ ne eiEEF] e ) m 4

)
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= (xor) I () +

0 rsing
T4, kg
N t ' .P. /
In (k)3 (g0) ] 3%
jwe r
0
- 4] 3 ~ N 1
E¢ =y B Jn(kor) Tn(a8) +
1 jma k
n O ' 8
Ttk ) 7 (q0) ] ed™
e reing
A j 1
H, = B, n(n+1) Ik r) J_(qe) eIl
jud pr | :
H Ir¥ 1 jm Al’l A :
6 [ Jn(ﬁor) Jm(q6) +

rsing

B

jh’uor

n AL . 4 Jng
k, od, (e r) T (q8) Je

=i - 1 o ' J
H¢ ek e (kor> Jm(qQ) -

1 ju B k ' j
o 3 (k,7)3, (q0) ] 31
Jud H, rsing —
outside the horn
VR 1 n(n+h) ~(2) Jmg
Lr j(/\)eo I‘2 Gn Hl’l (kor) JUI(qe) 4

(0-4)
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~ ‘Li..—'n ; /\(2) 1
Eg [ S D B (Aor) J.(qe) +

3 ) 1 .
r_-lléLm—-ﬁ(2)'(k r) I (q6)] e
ju)eor A 0 m

[ % D q ﬁéz) (k_r) J;(qe) +

-
=
i

koﬁég)'(kor) Jm(qe)]ejmﬁ

————— I (]

ju&gorsine s

1 n(n+1)
\ £

a(2) jmg
3ot - Pn Hy (kor)Jm(qe) ©

_ ) A (2
Hy =[=———— Jme Hé ) (k. r) J(q8) +
1 ~(2)1 t Jmg
~——ee— Dk qff (k.r) J_ (g0)]e
j(.aJ uor no vl (0] m

- ~(2
H¢ ={- = 0,.q H )(kor) Jm(qe) +
ij k { 3
e S S S 882 (e £)g (qo) ] oIn®
Jw Horsine o "

Now by applying boundary conditions,

1) Er(inside) 4 Er(outside) ah o= ao, g = 60 gives

(3-5)

(5-6)



~249-

1i) A (ingide) = e (outsige) 2t T = fpd FERRL 5 given
Tplea )
J a
" (c~7)
(2)(1{ )
1331) B Egs. (6-4) and (c~5) Ee =0 atrs= a8,y © = 0 ,gives

g Ak g I,k a) J_(q6 )

n e e R iva (c-8)

mwe  J (x_a) Iy a8,)
1 1
o kg (B o (g0 )
D R 0 . (33
n —_—— ¢ —_— Sing i
mwg Hy (k_a) J (g6 )
Using Eq:- (0-6), Eg. (7-9) becomes
N N t t
L &) k g H(2> (ke) g n(a8,)
- TSl An ) — ~—?e7;~-~—- —————5ing
(k a) mu)" (k a) Jm(qeo)
(¢=10)
Similarly by Eq (c—4)
iv) Eﬁ “"O ety wm . g 6, 8ives,
Al
Bl e Aym ko Jn(koao) Jm(qeo) 5 (c-11)
n ———— e e ST N
« A !

Ujequlneo Jn(koao) Jm(qeo)

and by (c-7),

(c=-11) becomes,



. N 3 At )
y o g Jy (ke ag ) Ik ag J.(a8,)
n 73 = (c-12)
We _gsing &2 Yo '
“o S (koao.Jn(kan) Inlas,)

From Egs. (c-10) and (0=12), 4% im obtained

Al
mko J-n (koao) Jm(qeo)

OJeoqs1neO

i ) : )
Jn(koao Jm(qeo

k q ,\(2)[ t
Hn (kO a’O") Jm (qeo)

sing_ (c-13)

mude =2
e (koab) Jm(qeo)
i.e,
T (ca )T (g6 ) (2)
a8 ~ 1 1
n ‘O O‘ m q 0 4 9; Sinze Hl’l (koao) Jm(qeo) (0_14)
A ' O. D e — -
J (k& W (ap m o )
1( an) m(q o) Hn (kcab) Jm(qeo)

where the prime indicates differentiation with respect to
the argument.

This 18 the characteristic equation for the HEmn mode.

Now restricting the consideration to m = 1, the

characteristic €quation becomes,

Jn(koao) J.1 (qeo) 5 . 26 f{\Y(IQ) (koao)J:](qeo) (0_15)
:-“ ' e S BEsE i -
Jn‘-(koa O)J1 (q@o) I:}l’(l2) (koao)J1 (qeo)

This characteristic equation is solved graphically as
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illustrated in Fig. B-1 for a, = 5.5 em and fo = 9.58 GHz;
and the eigen values thus obtained for the HE11 mode by
vaking the first root of Rq. (c-15), for different horn

angles 90 are plotted in Fig. 3.12

1t can also be seen that by using Eq. (C-11) in
BEgs. (0-4), the E -fields inside the horn may be obtained,

in terms of An only as,

inside the horn

1 n(n+1) . jmg
Er = S r2 L Jr(kor) Jm(qe) e
O
T
R = Jhn B Al 1
6 T Inlk a ) In (@8,) .
N1 lall 1
Jn(kor)Jm(qe) Jn(kor) Jm(qe) ks
[ R ] e (c-16)
A 1 \ 1 : 1
I, (ACOaOJm(qGO ) I, (ko a )Jm(qeo )
Ak At '
o - A
E¢ i Jn(koao) Jm(qeo) ‘
(0]
2 A e ] ATl :
e Jn(kor)Jm(qe) G T I (e r)I (qe) gmz{
m S sin6 Y 1
J-l’l(kOaO)J <qe ) n(koao)Jm(qeo)

Similarly by substituting Eqs. (7-6) and (c=10) in Egs. (Cc~5)

the E -fields outside the horn, in terms of An, become,
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outside the horg_

ﬁ§2>(k )

A # Jmg
B o= 3 g Jn(koao) J (q8) e

e 2 7(2)
jwe, r By (e, &)

4 A=k 8 (k & '}
B = L 0“0 A(2) i
- H B N fge )
We r A(z)(k ) n QNG T 0
¥ Hﬂ OaO
A (2) r 4 (2)" v
H (k,r) 7 (ge) mas, BN Al (@)

.2 - e

g4:;21)(1{0&0) Jm(qeo) i~ ﬁéz)'(koao) Jm(qeo)

i (¢c-17)
Ak J_(k ¢ A5l ;
By = n An 0% ﬁé‘) (ka )3 (a6 ) .
er Hég)(koa )
(2)
2 H ko) X {oe
[- 2 sing “n (_ii_ 1) 3
ig>ﬂba) mee)

m Hn (kor) Jm(qe)

(2) i
CRET R R ]
BT k2,0 T1(ae,)

0 - 2 RADIATED FAR FIELD FROM A CONICAL HORN WITH
HELICAL BOUNDARY

The transverse electric field over the horn aperture

for HE,, mode excitation is obtained as,[ Eq. (3.48)]
e
e O

t

B 0 70(a0)( Ty+5Ty) &I (0-18)
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The phase variation of the field over the circular horn

aperture is assumed as [ 44, pp =134 ]
NoT

(I is the axial length of the horn)

Vo= e (c-19)

Now the radiation field at g far point (r,e,d)
may be obtained by the diffraction formula for a circular

opening [44] and thus the radiated far-field in the H-plane

(& =0) for ie horn excited in HE, ; mode becomes,

e—jkor

2\

jk,Pcos@ sing

Eﬁ(r,e) = (1+co0s80) fﬁ e
or A 2

o R

. )\ L

Using (0—18),Eq. (c-20) becomes,

d pag

( ) S e—jkorO
T I s e .n

ﬁ 2)\ = (1"‘0089) D,1 "—r 5l qu(qe>
(¢]

(=1)

8 2q jk0/3cos¢8iﬂ9 ‘j.E“fzf (Ffne L)
AT e e Ao I dpdf iy
oo pip
f
—=TE
i B

e de
2,\OrL
a

0 -J n /02 -
Iy 2nJO(kop 5ing) e )\—o e pPip

AT being the horn flare length.

(1+oose) D1 q Jo(qe)

(c-21)
(8]

= 1
where r = r+r

Setting y = k ©sine, Eqn. (C~21) is reduced o
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!
—JE r \
0 nD, g {(g") a 5
" 69 . N+ e - 1% g 0 =4R
p(:0) = 3 Sei— | COSG)-——-—W-—-OI To(r)e Y

k 8ing
o)
(c-22)
where B = -—nnmE§-—~-w
}\@L ko sin29
Carrying out the transformation as in [ 44, pp-110] the
integral in Eq(2-22) may be represented in the form of 2
component containing the Bessel function without integral
and an integral of the same form but with a higher order
integrang. . Repeating similar operations further it is
pPossible to expand the integral in a series of Bessel

functions and finally substituting the /\—function (Lamda

function) for the Bessel functions, Eg(r,e) can be obtained as,

1
el R
- W m,q J_ (g6/
WP S (oes), SR 9
o) k sin 6
: o]
. 2
=i oa
a1 T S =
o Re P guR & Antg)
n=1 /\o L i
(c-23)

Replacing ko by ._ZL ’ Eﬁ (I‘,G) beoomes,

No
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. f
X D q —;]kor
B (r,0) =21 i g ; g2
g (T T O(qe) cos v
)
; a. 2
B e e
e 0 Sy i=1)\o I, ET"/\n(g,)
(c-24)
where

2
Sk =®a  , the area of the horn aperture

wn
]

koao sing, a_  being the radius of the conicalhorn

aperture,

/\n(X) 2 n! Jn(X) » 1s the Lamda function
(x/2)

and I,

il

axlal length of the gone,

The E -plane pattern can also be obtained in the same way

by the relation

—jkdr -
= 9 & 1+ 86 JiX
By (r,8) = j Thor (1+cos0) éf %

2
. %

—

ejkb,Osinﬁ sine IS T

e P d pag

(0-25)
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By Eq. (c-21), Eﬁ(r,e)

_256_

J

2N

a0
i i
F 2nJo(.Of381ne)e

0

Therefore, singe JO(O) ® 1

| By |

max

Z

to result as,

Letting T

'y

max

isrefore,

By |

| max

P_

E
% le=0

QJID,I

e

-ik.r!
Pl il

OrL

94

GAIN OF THE CONICAL HORN WITH HELICAL BOUNLARY

(1+COSG)D1qJO(q9).

}@rL i

=B
Ao

a

b

1 P

2
T

o

fap

—JIE_
Ao

(0=

v
ﬁzﬁ

PP

26)

= 0 , the integral in (C-26) is solved

2 2
Byq ( . A 0 %o ]
_— COS e = + 8in = -
i L] Yo W ) Y
D1q_ // a, £ 2 a 2
¥ M 1 R0 o I S -l e -
3 o o . T
0
(c-217)
2 2
g 2 = -
Dy g [(cos LN [ )2 R (i =
L e L
No Viala)
2
2 o2 "
=Dy g (2~2cos - _§-~ }

Mo



= 4D," q° sin” ( B_ ) (c-28)

The total power Pt crossing a spherical cap of radius L

in the cone region is given by

P, = R, [ ff B.oxmeq® aa 1, and from Eq.(c-18),

t 2 g 3 i
Pt becomes,
2n B
: 1 0 2b 2 .
2, e e of of (D1q_) L~ J " (g8)dfsinede

1“2

P I R feoJ 2(q0) o ao
o) LR 0 o ‘4

(sin 8~ 6 since small angle cone)

7 2q2 =36
T 0 2 “ g
s = L 9,7(a8,) + 3,%(ge,) ] (c-29)

Now the axial gain of the horn is defined as,

1 £ 2
E 4nr
2

& {0,0) = » and by Eqs.(0-28) and (0-29)
n. P
o de
the gain becomes, :
&
% s X0
2), L
¢ (0,0) = (c-30)

902 [ Jf(qeo) + Jf(qeo) ]
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APPENDIX D

BQATIONS FOR DIELECTRIC LOADED BICONICAL HORN

D=1 FIELDS IN A DIELECTRIC COATED BICONICAL HORN

The proper forms of the potential function ¥
for the dielectric coated and the horn apex angle regions

respectively are given as,

Wd = ﬁnﬁk1r) [ g Pﬁ(cose) + Dan(oose) ]eamﬁ
(D-1)
A _ ;
Wo i Hég)(kor) Pg(oose) e3m¢
where k, =UJVﬂ%mé1 and k_=wV Hp €,

The BE- and H -~ field intensities are found by

the relations,

E=-gx F
(D-2)

H=_l~vax F
Jewop

Now noting that F = I, ¥, by Bq.(D-2), the different

field components are given by the relation

SRR %%
T rsine




=f5 0

Py 3
E¢ T [5r( ry )J
Ee 2
2
H = ._‘_1 [5 1’ 3 4 ]] d (D-3)
= JWHo  3gdr r 0
S T 3°
¢ j WHo rsing  00dg
1 b
H = k= T
87 Juwrpg d

Using Egs.(D-1) in Egs.(D-3), the different field components

in the two regions are obtained as,

In the dieleectric coated region

i i o m - Jmg
Erd PELTE Jn(k—‘.r) Ll'l (COU@) G

o A iy m Jjmg
E¢d = [ Jn(k1r) +-k1Jn(k1r) ] Ln (cos®) e
Bga = 0

e At 3 m
H.4 = T [ k1Jn(k1r) 5 L, (cose) +

1 3 m Jm@
i fh(k1r) 5 iy (cosb) le
\ 3 m jm@

By @ e Tilkelle 18 e ooy o
ga wuorsin6n1)56 o R

_— 2 a m Jjmg (D-4)
Hog = Tl = Iplyr) L (cose) e
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m i m m
where T (cos®) = ¢, P, (cose) + D, Q, (coss)

and the prime indicates differentiation with respect to r.

iIn the horn apex angle region

T0 e kr) P (coss) e
rsing 1 ( o ) % )
ﬁr(12) (kor) :
= — /\ j
o = =-[. e Héz) (kk,r) ] FP? (cose) eI™
Eeo =0 (D=5)
F t
a n {2 ) m
Hro e [koHn (kor) = P (cose) +
o
03 i) 9 m Jmgd
3 H) (kor) Y B (cose) ] e
In:E‘ 3
HQf RO - Y, /I-\I<2)(k r) o _pu (cosB) e:Imja
8 s o 2ning. O € §p R
B Bk B 82 (k 1) PP (cos0) oITP
00~ 5w 0 n 0 Sl
B,
D-2 CHARACTERISTIC BQUATION

The value of the separation constant n can be
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obtaincd from the characteristie equation derived by
applying appropriate boundary condition)and by matching

the fields at 6 = 91.

8

Il

The boundary condition that Eﬁd = Qa% B

0
gives ’
Qi (oos@o)
G TR (I-6)
(oos@o)
Mabching the fields at ¢ = 045
(1) Bg= E.,ates= 6, gives
T ]
Jnleye) [ o P (cos6,) + D, Q (cose.,)
/N
= P H(z)(k ) Pm (cose ) (D-7)

n A

Using Eq. (D-6), Eq.(D-7) becomes,
D 3\(k1r) [ pT (0066 ) Q (oose ) =PI (cose )Qn(cosP Y 3

ol H< ) (k r) Pm eose ) (D-8)

{11} H 4= Hyy &L 6= 6, gives,
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Al '] Vi a m a m
[k, 5 Geyr) + =T Geyr)][ o 25 Tn(00809)4D, Q] (cose,) ]

lcu

=¥ [k 8% @ ) o 188 ) P%(c0s6, )

(o))

S

(D-9)
Using Eq.(D-8), the above equation becomes,

Al 1_/\.
Dy [ Ky dy (k1r) L Jn(k1r)] i
[ ®(cose ) . " (coso )= (cos6 ) 9 pm (coso,) ]
n o" %8 "n - od. fn “n 1

= Fn [ko'ﬁé2) (kor) - %ﬁéz)(kor)] ggPﬁbosaQ

(D-10)

Dividing Eq.(D-8) by Eg.(D-10), it becomes,

m m m m
P (cose,) Q, (cose,) - P (cose,) Q(cose )
PT(cos0,) & q™(cose, )~ (0086 )= P(cons. )

n\co o’ 38 “n (875t 1 Qn co 0’38 “n cos9,

Al "| ”~ /\(2) m
[ kydy (kyr) + 2 I, r)] HA/ (k_r) P (cose,)

" 1 % ~ d By
[ & §(2) (k_r)+ % H£2)(kor) )3 (cx) 35 Palc?s0y)

(D-11)

The above equation is the charac teristic equation for
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the Hbmn mode that can be solved for the value of the
separation constant for any mode. Now restricting the
consideration to the case with m = 1, the characteristic

eéquation for HE1n mode becomes,

[P (0086 ) O (cose ) - P (oose ) O (cose ) ]—— p! (cose )

[P (cose ) P (cose )- Q (cose ) P ,(cose )]P (cose 1)

1+ k. p 1

g 2,
H k
YLt +kor o ( °r>

%52)(kor)

The characteristic equation is valid for any value of

T within the hora region i.e. for values of r < L, where

L 1s the flare length of the horn. The characteristic
equation for the HE, mode (Bq (D-12)) can be solved
graphically for typical values of 0a ,91,91 and fo , and
the value of the separation constant for HE11 mode can

be determined by taking the first root of the above

equation,
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D=3 RADTIATION FROM DIELECTRIC GOATED
BICONICAL HORN

Using the vector diffraction formula, the
radiation pattern of the HE11 mede in the vertical plane

( i.e. E -plane with @ = n/2) is given by

—jkor
Jk_e 11
it e _  Jkr cos(e_-98)
Bg®) = (140080) [/ &, o 00 5 s
4nr . ¥
(D-13)
where
s L :
Be= kg Bg, * g 525‘ r=ro
';‘l;szo since By = 0
By Eq.(D-5) ST
o e ﬁéE)(koro) (2" j
t g r-m- + k H (koro)] P (coso)

"y (D-14)

where Eo = a constant that depends on the horn

excitation

O
=S
o
<
]

the separation constant for HE11 mode.

Thus the radiation pattern in the E ~plang for HE11 mode

excitation of horn becomes,



~2o5+

ik r 2n  +0,
By(6) =  JB B (i+cos®) [ [ |
2>\OI‘ 0 "'91
' %<2)(k B )
B I S e, . BN Yeos0) .
o 070 Sy 1
O
jkoro cos(e —-6)
e B Yo HiDR, 4B dﬁs
~Jk T (2)
" A(2)" B (e )
o~ JE ~ = (1+c080) 2nr [K H (k b TR S J
ZXOI‘ ro
+0 1 jk r cos(6-8)
I Bileose) " 00 - (0-15)
_61 ¥ S Sil’lesdes

The evaluation of the integral in the above expression

is made by the following approximations

(i) P;(cose) is replaced by its asymptotic approximation.
s
19 P1 (COSGS> = \/.——2...._._. i [<v+ l)e+ it + .E.]
2 VR sind 2 4 £

£ 1 i
:_jé COS[(V+§)9+Z]

T

Vsind

| 1 . 1
J e gier g =il rrslo g ]

2y, 2
= —Q/;—( E ){
V" s1ind
(D-16)
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(11)
eJe 4 ;.—Je ]% 636(1 '—'\:3—;]26) 1
Veing - 2 = i
d 23
639(1 c—j2e) .
: iz
= [ ;5 ] Since j = e 2
26 7
J 8
e 3 ol o3
i — [ 1- 3 e J26 + 1.3 e J4e+ ..... ]
V2 eJ % 2 =L

As a first approximation, the first term in the Binomial

Series expression is taken and hence

J8
5
Vsing =~ J (AT
V2 e 4
2 4
(I4) sea s (=2 5 =X B
21 41
X2
As a first approximation let e0fF X & 1 - 57 S that
(6_-6) °
40RLE 0 - aSBin (D=18)
7,
2
: b F {g. =0)
L. eakoro cos (6 ~6) . eakoro ] gz g i (D-19)
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o -

+01 4 jk r.cos(p_-0)
- v s ;
f P (cos8 ) e ae,
=
1
1 jkoro ¥
= Vv/n Iy I (D-20)
+6 J(v+1)98 N 1 (es e)Qde
wiere I, = .f = R L s

+ s =
d n,f To (e “8)i= | ke, T g
s 20
'9 J 2r
: 2\_9__ (T2 20,
2ro T - 3 tJ
deg
e U8 | Bl g Tad ) )
o e Ml e e :](V+1)6 e
= = 4’ I:.O T a v‘-%-_o_““
2r
C(u1)—c(u2) = [S(u1)—8(u2) ] (D-21)
[91 - AQ_ Liill] 2r.,
2ro i v /\)
=g oA fret) or
Up =] =8y =D T ____*) s
: : @]
—. N i 2
and e J g f+@1 —Jve JY; ro(es_e)
2 A0
"61 deq



i s g T8 Low ( v ) -
12 SRR 2 e % b % Akt
21 : e
+0 ~IE [ —  {0.=8) ‘}liﬂm LK
f 2 A0 & 2r T
—61 0 d@s
TH. e et W a . el {
¥iis Ditetige e s e / Ao
= Eow T s ~
- - a faliey
0
ic(v1 )=0(vp) = 3 [S(vy)=8(v,) 1} (D-22)
where
- FE e St o ¥ ] 2Ty
i L L
No
Ty = By B Jﬁlm_ Z 4 255‘“
= 1 2 o 4 I —
0 ‘ Ao

Inserting Egs.(D-19), (D-21) and (D-22) in Eq. (D-15),
EQ(G) becomes,
—Jkor

E@ (9) = - 9 B.m Bell

2 et

1+ 6 ‘

& S A =
+o X 2r

LM?C(”"’“(%H [S(uy)-8(u)] | +

L

N%C(v1)—0(v2)—j [5(v,) -5(v,) ]}r] (D-23)

A(D
where LS t ﬁ(2> ,(k ) H( >(k r )
1 Al AL o A Ja e
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i @)
M =e 4T o eJ(v+1)9
J Mo V2 o
it = - 6+
N = e LS e i z )
D-4 POWER GAIN OF DIELECTRIC COATED

BICONICAL HORN

The total power ‘Pt' transmitted through the horn
region may be calculated by integrating the power density
flowing in the radial direction over a closed surface of

r=r,,a constant, between the cones. Thus for the HE11

mode P, becomes,

1
i

P. = Ff == @s
0

Using Eq.(D-14) PJC is given by

2 \(2)
E ' f (x T )
3 (2
P, = ?c’—o(koﬁv) (gmy) o o R IE
7 £ 1 2
of ef [ Py (cos8) ]zro sine de 4@ (D-24)
-6

Now using the asymptotic approximation for Pi (cos@)

1 _ - 1 T i i
g P {ooHg) = = =g 008 [ (v+ . )8 + T ] 4+ P, is obtained es
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~(2)
: H {23
y (2) v ) 2
P, = [(x B0 (gr.) ~ s E,
g
v n T 2 1 i 2
S L f os” [ (v+ §)9+ 2 1r © dedgd
T o -8
1
b e 3
e L (0-25)
1 A\<2)<k I' )
sl o= 3 a(2) v
where \51[ =E (kH (kr ) + el )
T %
0

Now the gain of the horn may be obtained By the relation

4—']‘51’ lL \ ]
B e ° max (D—26)
(-]

Using the Egs.(L-23) and (D-25) in Eq.(D-26), the gain

is obtained as,

2‘)‘;‘"—0 /[C(u "'G(U. ) ] £ + |: S(U‘o1 )—'S(u-Oz) ]2

i

\J/[O(v )=C (v 2)] +[ s(v 1) S(V ) ]2 (D-27)

o ) e
220 "‘%—“ 18] / .25_9.“.
0

<V01\> [2>,\__O + 6, ] L or

T -
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APFENDIX E

EVLLUATION OF THE SCATTERED FIELD FOR DIELECTRIC
SPHERE LOADED CORRUGLTED E-PLANE SECTORAL HORN

From Bq. (5.5)

E
k" le.s1) o
s g ¥op y Jae? .
= W 2 sinetde!
6 4t AO o

K

21 ejkobSiHGCOS(ﬁ—ﬁ') agr (E-'l)
@)

gl P o
n e
hence Eg can be written as,

2

k “(e. -1/ # a

S _ o ‘°r 2 ; jne? raat

Eg e A D" 2n Jo(kob81ne)of e sine'de
(E~2)
= R s
et I = [ ¢ Sin6’ de' , and can be evaluated ag
o}
L g
1-n? (1-n")

Since sin nw = 0 for n = FE . P

2
k “(e_-1
ThusEg e

o ulP : 1+cosng
4.0% 2m g (kobslne). —_— (B~3)

4n (1-n°)
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APPENDIX F

DERIVLTION OF EXPRESSIONS FOR DIELECTRIC SPHERE LODED
CORRUGATED CONIC.AL HORN

¥=1 RIDIATION PATTERN OF DIELECTRIC SPHERE LOADED
CORRUGATED CONICAL HORN

By Egs. (5.20) potential functions for the total

radiated far-field are given Py,

o A xdionlly % ﬁé2>(kor) J4(q8) (a,+b )

n=1 :
(F-1)
e 2 (2)
¥ ol s:Lnﬁf ® (k I‘) J (qe)(a +C )
r
n=1
The radiated far-field component Eg is obtained as,
2
+ 1 B, o 1 ™
B = - —_— F +
0 rsing g T jgoeor drde
FS
Hff) (k)
= cosgno % a.n .
J1(q9) . ) (2)(k r)
S it +qJ 0 -_———-—
[ S1ine e u. e

and under far-field approximation, Eg becomes,



R

AL 3, (ge)
¥ o goan @@ ! e ! 5
Ee = ~(3) i Ta ahposﬁ [ “g;;g—an k: qJ1(q9)un J
(7-2) .
with a  and P, as defined in Bq.(5.21)
Similarly,
2 +
37
e = l @ F+ + 1 = lr
@ r §g T jbgeorsine drdg
=k T '
o Rt 8N No Sing a [J1(qe) Bs ¥ g Sl o
T “ " Tging 'n 1 g

(F-3)

The resultant radiated far-field ER is given by
ER(r) = EeEg + ZﬁEé i and by Egs. (F~2) and (F-3),

ER(r) becomes,

o4 11 e—jkor J1(qe) t
B (r) = -(j) r Mo n [{"— cosfiig=ad, (qe)Sinﬁﬁz‘an
s5ine ’
. J, (ge)
. : 1
= !qJ1(q6)COS¢le Fr i i | ;
L sine . ﬁ'} Bn J
-
Byl o0 o an( Fpa, + Fp) i
G On=1 3 Rl =
=1 (21’1+1)

Inserting the value of By S

n(n+1)
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—jkor
: bia 2 = —
i S Bl 5 TR <oV R SRS, TR e
® n=1 n(p+1)y B2 =
whers, I, (g8) 4 ,( : 3
M = e gos@ 1. - J @) sing i
sinb 6 G i #
= ! - J1 (qe) s i
N = J,(e0) cosg i, - g1~ sing iy
& b
e oW g B s B =4 4 B
n bn n a,
B-2 POWER RADIATED FROM SPHERE-MOUNTED

CORRUGATED CONICAL HORN

The total Power WJc radiated from the system may
be determined by integrating total power flow agcross an
infinite sphere Placed concentric with the diffracting
dielec tric sphere, Thus Wt becomes,

Zn %

W e Re[ [ S r? Sp 8inede dg ] (F-6)
L =0 §=0 R

where, Sp = (ER X H-)

By Eq. (F-4)

1 o i
W el =7 Of LR a +N Bn) sinededy



T

Tlesl - @ jage = L I P
Wy =minsl® [ s AT Y Pp + 2M Na f)sinedead

~ en T (q ) 23
1 2 .
* @A i Oj‘ [ o 5[__g255>]cos i/ +[oJ (qe)T sin ¢}
2 g[J1(q9) P - [ r( 6)2 o Sgﬁl
+pn frete— sin“@ + qJ4(g8)Jcco
J.,(qb 5
+2a_p _1_%_2 qJ;(qe) (oos2¢ + sinaﬁ ) ]sinodedg
D asing

o
el

; o e =g
Since otg T 3 1¢1¢ Ts ¥z 1¢

Integrating w.r.t. @,

(g0)
We = 3 ngma 2 OI[L[;q Fel ary(a0) P 2g,2)
4a B i J4(q6) ] sinede
T = J (qe) 1
e nal’l2 of L (;[s:?_ne iRy (g8) ]2—
2J (ge) 1 J (qe) Y
il qJ 4 (qe)t (a an) + 4a B - aJ4(q8) -

sine 8inb

sin6de
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h J1(qe)

' . F s
ol ) £ —— + g J, (g0) (25485 )sinade
W‘t — 'é“no Tl:lln [Of sineé 4 1 & n 1L
i ' 2 v
= of 204(a8) o7 (g8) (af + Py)de+ia b -

LT, (g8)ar, (ge)ae. j

% Jlq8) 5
! - + qJ;(qe)] (an2+ﬁn2)sined6

} =
N

N~ K& ;4
To ™ [q sing

i T
o 2(an2+f‘)n2) o J4(q0) dT, (q®) + 4a B Of J,l(qe)dJ,I(qe)

; L d ‘
since q J,(qe) = 5= J1(qe)

"7 0™ [93000) f2e (0,28, 20] (0,248,211
(F-7)
where,
E ™ fn [J;i(z:)— + q J;(qe)]2 sinede

To get an explicit expression for Wt’ an approximate
evaluation of the integral term is possible by assuming
sinb~ 6 . This assumption is a source of error for Wt,
but as the integral ternm is added to the other two terms
in Eq. (F-7) to get the total power W,, the percentage

of error in Wt is small.
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Thus with sine =~ 0, I becones,

1 J1<q9)

AR

, 2
+ q J1(q9) 1 ede; ana by using

recurrence formula for Bessel functions,

L 2
o/ L[a7 (q®) ]<eae

=
it

2
= .g..‘?f,lm [Joz(qe) —J_1(qe)J1(q9)]::

2 0
S 6)2 T
SO i Py e, e »
since y_,(x) = =7 4 (%)
W (qn) el 2
=< L9, (am) + 3,%(gn) ] (F-8)

Thus, with the approximate evaluation of the integral
assuming siné ~ 6, the expression for Wt becomes,

ST iy 2 2 ¢ e ey 2
¥y = o iy 21 %n [J1 (qm) 12aan (an +Bn )+

- » -
(ap2+8,7) L8 S5 2y o 35 @1l (-9)
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GAIN OF THE SYSTEM

F3
The on—-axis gain of the system is defined as
1 ' ¢nr2
8{0,8) = = - k. 4nP(O o)
’ 5 'EREmaX noW (or ¢(0,0)= )
' t wt

By is max at =0, ¢ ” g and from Eq. (F-4)
=4k ©
_ .n+l J,(g8) ol 0)p. - R
J Tatma Tm o vglanibad &g e

|

el L O

Now J1(qe)‘.____. qe as Jn(X) 3 =0 ;’1—'— 5 i )
Bim 8

8inG — 6 . J1(q6)

6—+0 i
siné 6-0

o] ¥’

d
q J1(q6) a" J1(q8) = q —(a"; J4(q8)

= q[J_(ge) - a%— J4(ge) ]

But 7 (a0) — 1, 7 (ge) — %
60 e-0
Therefore, ER becomes
=0
g=0
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= 7 q .
[ SR o By E9-quan g o SR R Y Sy
max » = L Q6 g Py
" Do by "o imy # (#-10)
r

Using Eqgs. (F-9) and (F-10) , the axial gain becomes,

4

a b
] n 2 (an + Bn)

(F-11)
= an’ [ J12(qﬂ’) zZanﬁn—( G, + B, ZZJ,

2
(Gn2+pn2> (q_z) {JO2(qn) Pt J12(qn)zy_]

Inserting the value of a, the gain is finally obtained

as,
_(@2n+1) ( .
n=1 n(n+1) a\a, + Bn) i
RN (F-12)
;o (2n+1 £ ) 5 5
n=1 n2(n+1)2 L (qn)'{2aan_(an ki 5 {} +
(qn)2

S (an2+5n2> {J02<qn) & J12(qn),

r]

el
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APPFENDIX ¢

BEQUATIONS FOR LIELEGTRIC COATED E-PLANE SEGTORAL
HORN

G-1 THE FIELDS IN DIBLECTRIC COATED E-PLANE
SECTORAL HORN
The fields can be obtained from the potential

function
TH
. my
wmn = cos =% X Gosph Bp (krr)

(g=1)
where k. = Y2 =( 32

Bp(krr) = the solution to the Bessel's equation.

For dielectric coated region, as there will be
standing waves due to reflections from the air dielectric

interface, the Rropexy Form of
Bp(krr) & [ch(kr1r) & Dyp(kr1r) ]

whe k B AT R e (G“Q)
b 7] erko - %? )2

Jp(kr1r)= Bessel function of the first kind

yp(kr1r)= Bessel function of the second kind

and C and D are constants.
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In the horn axial region outward travelling waves will
exist; and hence the suitable form of Bn(krr) for this region

is Héz)(krr), Hankel function of the second kind.

The different field components in the two regions are

obtained by substituting wiﬁ into the following equations

' 2
E = 00 B = ;L_.r_éﬁﬁn (G=3)
0

) 3 r 6 FIRY T
E, =0 T agg + k%)Y
Juo Koy B

Thus by Egs. (G-1) and (G=3) and taking appropriate forms

for Bn(krr), field components in the two regions become

In the dielectric coated region

. oo
B4 = 5 cos = X sinpe [CJp(kr1r)+ Dyp(kr1r)]

¥

x ETE { t
Eed k 4 cos X cosphd [CJp(kf1r)+Dyp(kr1r) ]

EXd ol (G-4)
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< b 1 mn i WE ! ' :
Hrd = iﬂ;;aaE; kr1 Sin —— X cospé [CJp(kr1r)+Lyp(Kr1r) ]
1 Bt . mm .
Hog ; a)uip — sin — X sinpe [CJp(kr1r)+Dyp(kr1r) ]
0
H = —~l~— k2 QOB S X cospb H(2)(k r)
xd Jeopu, T a p r

In the horn axial region

v . mr, . (2)
Ero = =P oas — X sinpe Hp (krr)
- mn (2"
Eeo =¥k cos <~ X cospé Hp (krr)

Byo =0 N
HE 13 k2B gin DR, cospé H(e)'(k r)
r0 dal Bk a X P T

o
HY = I 4 7% 5in ZX x sinpe ngz)(krr)
0 Wl
H+ = ﬁlm_ k 2 cos BT cosph H(z)(k r)
2 Jwp - p 8

where F is a constant that depends on the excitation of
the horn. The prime ot the functions indicates differentiation

with respect to r.
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G2 CHARACTERISTIC EQUATION FOR DIELECTRIC
LOADED E-PLAVE SECTORAL HORN

The values of the separation constant 'p' are obtained

from the characteristic equation formulated on the boundary

conditions viz,

i) tangential E and H must be continuous at the air-

dielectric interface

Legs B =

rd o
A = a,
Hrd = Hro r i ro

i) Eed = Q) dt 8 = a, s the flare angle of the empty horn-

Thus Er = B Bl B a1J

(ay is the flare angle of the dielectric coated horn)
from Egs.(G-4) and (G-5), gives

[ OJp(kr1r) + Lyp(kr1r)]= FH;2)(krr) (G-6)

for r { r_, the flare length of the horn

0
and Hrd = Hro at 6 = ay gives

k.4 [C J;(kﬂr) + Dy, (k) ] =k, F Hé2>'(krr) (¢-7)

for ¢.4 o
- g

inother boundary condition i.e. B =0 at 6 =a¢a

6d )
gives a relation between ¢ and D
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1.e, Eed =0 at 6 =g gives
f 1
cospa [CJp(kr1r) * Dyp(kr1r) TR tap £ r,

3 R 1 Yo
i.e. either cospa =0 or [ CJp(kr1r)+Dyp(kr1r) =0

cospa _ = O gives p = — and is the case for empty horns.
a
o)

To differentiate the dielectric coated case from the empty

horn case, the other relation

t |
CJp(kr1r) + Dyp(kr1r) = . [Tox 2 € ro)

holds goond,
J‘(kr1r)
ie.D=~g £ XL e ST (-8)
Yp(qul“)

Equations (G-6) and (G-7) are true for 6 = oy and r < r_,

the flare length of the horn, and Bq. (G-8) is valid at

6 = R and r £ T . Hence, to make the characteristic

equation depend on the dielectrie coating specifications,
1
it is better to use the relation 1 = sina, in Egs.(G-6)
1 21"
and (G—7))and the relation o
. . : '21"
(see Fig.6.1) by = bO — 286, corresponding to any value of

= sina_ in Bq.(G-8) where

£ T, (8" = the corresponding dielectric coating thickness =

1

bO = the distance along y -direction corresponding to e=ao

= g !

=" 6 = 63 the
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respective quantities at the aperture . Imatroducing these
rclationships, and the relation by Egs. (G-8), Egs. (G-6)

and (4-7) respectively become

[ ! 0 \
p SR N e Ty 1 e S g
[P T ZSinCi1 >yp (r{r1 2sinc ‘
7 (k (; ) v.{k > )
gp 5 ES'iHCIO °p -\hrll ZSinﬁ,] ]
-bi
(2) 1 :
=B H k s i 3-9
P ( Dk, 2Sil’lC(1 ) (d! )
and
b' ) 1( bC')
4 S <. eI R, B T N Y
[ Ll 2sina, 1= o - P
0
L :
1k : Yy' (3 >
e ra s
A 2 2sinc:o yP o 2sina1 ]
k AR B
iy s (Li) M 1
= s PR (G-10)
K1 P - 2sinay

Sividing By, (G-9) by Bg.(6-10), it besomes
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'

1
J_(k b1 - )y (k -EQ—— =T (E._. )y, (k 1 “Ej—' )
B 2sinaq " P ri 2sinuo B - 2sinuo 1> 251&&1
by £34 . 1
_l_'(, -n—_:’___ 1(1 OO '(1 DO b1
T 281na1)yp 5 2sindo) JP 1 ina yP 2sinu1
&)
-bl
K 1(2) (k :
T o = o 2sina,
T (G-11)
1
1 b
b I Z8ina
Lém . ‘ b’
1 1
I (x)y (%)= T (x)y. (x,) (BN 1
R - R Pl n e p (e, 28inm1
' ! 1 ! L 3 1 b'
JP(X1 )yp(X2>_ Jp(XZ)‘Yp(X2) T H(2>(kr 1. )
QSlna1
b1' b' (G42
where x, = k = k 2.
1 e 2k Zsina1 e e ZSinaO

and the primes on the functions
with respect te r. This is the

for Hﬂmn mode and can-bBe solved

indicate differentiation
characteristic equation

graphically for 'p' by

substituting the quantities in Bg.{3=11). K_4 and k, are

obtained from Fgs.(G-1) and (G-

Particular values of m and o

>

¢) respectively for the
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=2 THE RADIATED FAR FIELD

The radiation field from the dielectric loaded
horn can be obtained by the aperture field method
employing the vector diffraction formula. The phase of

the ficld over the horn aperture will not be constant,and
from the nature of the aperturc, a field phase variation

of the form

7
& =
2sh S

, (where >E = 2n/kr and R is the
horn axial lenghh)

is a reasonable assumption.

The radiated far-field in the E -plane (g = n/2)
based on the vector diffraction formula is given by

Ty —Jkor

J
Ele) = -2 ¢

( kr 1 Jkoyssine
4 === {1+ == co88) [f E, ¢
i ko S @

ds

where Et = the transverse eleetric field over the horn

aperture and is given by

bt = 1X EX + iy ﬁy

In obtaining a simplified
expreéssion for Et the following approximations arc used.
(The approximations are true if the apex angle (200) of

the horn is not very large)
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R . o T
y 2 be and 1y le

Thus the transverse B —-field over the horn aperture fron

Egs.(+.5) becomes,

e
5
it

: mn (2)" - I
3 = Pk tos T cospd Hp (krR) (since LX~69R,~rO)

Thus, ‘
ek Rl k. a/2 ok
Ny =7 S D B P S (‘]+ = COSS) f cos -— X dx
e Am r AO _a/ a
i 2
b1/2 {E S Jk ysine
f cCosSph & A\E R g 9 dy
—b1//2
1
R, SR A S T
wWhere F = 4F Hp (KrR)

Jonsidcring that b1 <R (i.e. if the flare angle is not large)

---9_ ~a .._Y.', i.e_ e =T ..‘.:l.ﬁ. y
20,'i i b1 b1
. . F'krko e—jkor ki ‘ .
&~y Le = -*""Zl-';-{-*"'- "'-‘?“"‘(1* ];:O' COS@) 1112 ((1_13)
Whercy a/d mr ~ & . i1y
Iy = —352 cos —~ x dx = 2 iR Sin 5 (G=14)

( I1is non zerec only for m = 1,%,5.,..)
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and - = . £
b, /2 2, R Y 5k ysine
I, = S cos(p = 7 y) 8/\’6 s Sl dy
~b, /2 1
b,/2 b : sl
1 3p2a1 —J2pa, ' (g - Y
- b A £ Jk _ysine oo e
o (U'*bjl".YJ,e b5 Y)e o e AgR dy
—b1/2
= 1314
Is = VK M §C(vy )0 (vo)- [S(\q)—S(vz)J}
L
where, (G-15)
M = j;{. >ER ( ?_pil + 2 sin6)2
-
CH\': % [ “:l; TVRE 8 Bv . 20 ]
V'2 ) V_ V)\g R 7\'.b1 )\0
Ry V/\gR/ N{c(vB)—c(v4) o [S(v3)—S(v4) ]}
: -16)
{ =Jdn 2pa L
P i RN B
®b, No
v b 2pa
3 1 1 g 1 2 .
I S e T r - S | - =~ 8ind
(v) 2 o RN (=g - 5o osine)
4 3 )\g
i.e. . —dk r
= e r a GG e
Ee = T kI' '->-\""-;i;-—-(1+ k—; COS@) m 81n e VAgR .

Px {C(\q )=0(v5)=3 [8(vy)-8(v,) ]}+
N{C(VB)—C (v4)—j [S(v3)-S(v4) ]}] (G-17)
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G4 ON-AXIS GAIN OF THE SYSTEM

The total power transmitted through the aperturc

of the horn becomes,

'] 4 .
P, = 5 Re gf By 11; ds

2a
Inserting the relation o ::-ﬁfl Yy , from Lgs. (G-5)
|

_ Aptr a/2 .
Pt | ——— S oo-sZ T v dx
ZLleo -a/2 a
b/2 g Ba
b onhk v dy
=2 By
o Liphs k> sin 2pa,
8 a b1( 1+ . )
ad g 2pa

Now en-axis gain is defined as,

G(0,0) = 4x Eigﬁgl where

£ 7
p(0,0) Ly '1_ Ee - I‘2
27]0 max
Using Eq.(G-17) and inserting the relation W= o e

-

32aR Ao 2 2pay

¢(0,0)= m—g—nb—v% (‘r+).\g
0

(2 Paq+sinZpaq)
{ (000 )=00r,0)72 + [sr,, )-5(v,,)17}
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APPENDIX H

DERIVING LiPRESSIONS FOR DIELECTRIC LOADED H-PLAWE
SECTORAL HORN WITH CYLINDRICAL APERTURE

B~ FIELDS IN THE DIELECIRIC LOADED SMALL FLARE
H-PLANE SECTORAL HOKN

=19
= ; . (2)
$o a8 ooukyoy cospe Hp (krr) s
e i a' — (2) 1
wd = Bn cosmyd ( Gl y) cos@ Hp (&rr)
The differont field components arc given by
Biod ks (H-2)
H=- jwe F+ 7 (o.F)
Jwp
Accordingly,
. £
= y T J s 3rde
y or ¥y 3 wp,dyde
Ee =0 -He = .1 ( adlg =t ka[[f)
JwWu o 3g

Thus, from Eqs.((H-1) and (H-2), thc fields inside the

dieleetric laycred region and in the hern axial rcgion
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respectively arc obtained as

Inside dielectric region

= L n 1 e - ] (2)
er anyd olnkyd( ) Y) cosph Hp (krr)

1

» : 2)'
- anrCOSkyd ( g ~y) cospé Hé ! (krr)

ya
Egg = O (H-4)
(2)"
Ho oy = = - Pl S ol = ; . .
14 jLQLQ)Pian coskyd ( = y) sinpe hp (krr)
H.o o= - 1P o B adnk o 2 -y) sinp6 H<2)(k r)
yd fedg, ¥y Tydt E P T
-~ 2
(i, © -p°) \
'mShiat a _ e ) e
Hed = = 3 " % s COSkyd ( = ,Y) COSpL Hp (lxrr>

In the axial region

A et . - (2) 1

g = XyoAn Slnkygy 208p6 Hp (krr)

]

E. =k A cosk_ ¥ cosp H<2)(k r)

R et e
Eeo = ) (H-5)
H = - PKf A cosk si 8 H(g)'(l )
e Tudlg "0 “O%%yp¥ SLORSH ot

Bl

& el e G a . iadioa - ke I

Yo T “m Tt0ypY0osed Bl r)

1

ST,

B4 | Uty O

2 2 (2)
sl . 1
) ' cosky ¥ cospe Hp (krr)
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where the prime indicates differentiation with respect
%o r. The constants &, and B, » eigen values p and the
Siparation paramcters Kyoand kyd are all obtained from

the following boundary conditions
1) tangential B is zero at o = o, (half flare angle
of the horn) 1.e, Eyj = E.r =0, at 6 = + a

0

Thus agBpR. =8 el P=2. (s e oy

For the dominant HE,, mode n = 1, and p = n/2ao.

14) B =8, aty-= % -5 (where s = thickness of the
9 =i , dielectric coating.)
Eivesg,
i A 4 " i " s
kyoAn81n£yo( 5 =8) = kydBn81nkde (H-6)
EE S Hro =H .
1 Y
at y = 5 7S , give
H L
60 ed
'S a i = ., el 2L
An coskyo( = s) Bn COodeS (H-7)

Lividing Bq. (H-6) by Eq.(H-7) it is obtained as,

a L e
kyotankyo( 5 <) = k&d tankyds (H 8)

If the dielectric loading is by thin dielectric sheets
with low permittivity, kyo and kyd are small and hence

the above Kg.(H-8) can be written as



-294~

S o 8-8)=-k .%¢g (H-9)

another set of relationships also exist between the

Separation parameters as,

e 2 2 2
kyo + kr - kO =y HOGO
(H-10)
Pl e

(It is assumed that the ProPagation constant k. is the

Same in both regions)

Thus, from Egs. (H-9) and (H-10), an explicit expression

fom kyo can be obtained as

2 2 2 '
kyo ==k fg-1) _§ (H-11)

Knowing kyo’ Poesible values of kr can be obtained from
Bg. (H-10); and the ratio Aq/Bq can be obtained either
from Eq. (H-6) or from Eq. (H-17) by knowing the values
O kyo and kyd.

H-2 RADIATION FILLu

The aperture field method based on the vector
diffraction formula is émployed for the evaluation of

radiation field. Thus the radiated far—-field in the
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XZ ~plane (@ = 0) is obtained as,

o i Jjk R cos(e_-8)
L e e 0 s
0 @ =
where ft = the transverse E -field over the horn aperture

R = the horn axial length ( X horn flare length for
small angle horns)

B, =IE +iIB =-kA cosk ycosps H(2)'(k R)

“t KX vy g - | yo P =

1l

Since, Ex = E@ O. Thus the radiation pattern in

the H -plane for Hh11 mode becomes,

_jkor (2"
1 Al IS E. ; ) -
E¢(9> - - T (1+ ko cosf) krAan (koﬁ)
0
a/2 o, Jk R cos(es—e)
—a§2 —uf ooskyoysoospeS e dySRdSS
)" e_jkor kr
= —JAH (krR) — (1+ g cose)krR
P ZA® 0
0
a/2 ag ik R cos(e_-9)
- 0 S
~a§2 cookyoysdys _af cospe_ e ae,
)
(H-12)
Now &/2 ZSinkyo 2
k,  dys = =
_af2 cosk, dy Ry, (H-13)
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and ¢ Jk Reos(6_-0)
& cospp_ e © S de
0
JPo —-Jjpé : 2
L fao (e e e s) eJkORcos(es 9) a6
=0, 2
2

But cos x =1 - X +

'_' o 804,

2
(6 ,~0)
Taking cos (es—e);u 1= T57 » the above integral becomes,

o ( 5 ) e B ' des
0
JieoR ~jk R (6 ~6)2
=4 ° S dpe . -jpe, ~~IkR (o -6
- —af (e + e ) e o L1
o}
- 2
jk R . . (6_—-8)
o} a Jpée -ik R s -
= % e f 0 e S e [o] "—2-— deS
-a
o
. - 0 -3)2
a -jp6 "Jk R ( S
e TR g T e
0

; ; B -p.2
o' jpe e o R R e
i ¥ a o) -E— des €an be evaluated

-a

as follows



~297-

2
o, Jpe_ - jx R (0476)
Iy = J° e ar S2 s
=0
(0]
IR T o B * {600,003 [36uy)-s a1}
where
: Ao p
2 2R T ) V?W):-o
U.2 e (—a -0 - )\ il
ST T
Similarly ( )2
I,= [%e 8 g0 S
"(IO S
o e dAe P
= R == ;
0 e g M50 {C(V1)-C(Vz)-J[S(v1)-S(v2)]}
where )\
vy o= e =04 F £ )V QRZ{;
Vo = (~a_ -6 + Ao P
2 R = V 2R/,

Thus it becomes,

a

o]
y: cospeS

b 61
o]

(=

Jkocos(es—e)

k

P ; 2
e Vm eJkoR eJi\ﬁg% .
JP@{o(u )=¢ (uy)=3[5 (uy )-S (u ”j*

+e Jpe{C(V1 )_C(VZ)-j [S(V1 >—S(V2)]‘} l
(H-14)
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Finally from Egs. (H-12), (H-13) and (H- T g is obtained as,

e_jkor k sink a
Eﬁ = jB m—— (14 -k—I: cosf) - ——L— RV A 7

/\or 0
, |
R COARIUSETEIER IS

~ipO. Y ]
. é C(v1)—C(v2)—j[S(V1)—S(Vz){f~J
| (H-15)
jacr+ & Ao p°

2 (2)’ oo "1 R T
where E = Anerp (krR) e T

n
P = “ﬁgg 9 (for HE11 mode P = —a )

H=3 POWER RADIATED

The total power transmitted through cylindrical

aperture may be obtained as

E2

1 t
P = ' .} d Rds
e Ao ys S

'

2
1 R A2) i A ,
£ ot [ Ay nn/2ao (krR>] —a§2 ks kyoys dys

o0

2
« f oo8 pesdeS

Ll )

k! TL_)

81n2pao

]

‘__x
(=)

E

(H-16)
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where

1 (2}
|E| k.4, Hnn/zuo (k R)

Now the on-axis gain is given by

1 p(0 0)

G(0,0) = i__meL__

t

wWhere 2
r2
max

Using Egs. (H-15) and (H-16), the gain becomes

LS ~ AR i 8
32n(1+ k_r )" sin kyo %_gb{c(vm)—c (VOQ)J +[S(Vo1)—S(V02)]%
G(0,0) = 9 _
(k oatsink a)(2q + SlngpOLo )

Ao yo yo 0 e
where A
& o
Vo1 B 2R ™ ) 2R/)\o

A
Ve = vy §§“ %) V§§7;T;

H-4 WIDE FLARE HORN DETERMINATION OF fn(w) AND gn(w)
AND DERIVATION OF RADIATION PATTERNS

To determine the mode coefficients f o) and

gn(w), the fields Ey and B, are calculated by the relations ;

B= ~UxF - jwuy ik + ¥V (7.4)

BT
e

H=xzxa - JWe, F + ¥ (Y .7)

Jw b,



-300—

2
= 4) 1 ] Ae
R A R S B -18
o RN SN et i
o)
2
0 A
and . 1 3]
B oo '
6 UMy *

ju)eor2 36°

Using the values of Ag and Fy, as given by Eq. (6.37), in
Eq. (H-18)

oo

& s jne ElRl WG P i A
Ey(r,e,y) g T A Byt R0 l{02_\”2)

. S fm fn(w)Hé2)(rVk2 o3 8 ed"Y ay

J u)eg gt 0
(H-19)
and
2 2
| (k =W ) o) 3

Ee(r,e,y) - z gd ™0 .

(| 2 —=——00
Ju)eor n

2 g fn(w)Hr(lz) (r\/—koz‘“_‘w'f‘) e dw  (H-20)

Since these equations for Ey and Ee at the aperture
where r = R should be equal to the transforms given by

Egs. (6.36) it is obtained that,

nw

R R A P
Bplw)= > (H-21)
V;o?_wz Hr(12) (R\fkoe_wz)
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i Jwe, o Ee (n,w)
£ (w) = (H-22)
(1, 2=y (2) RVZ52)
Inserting the value of fn(W) by Eg.(H-22) in Eq.(H-21),
gn(w) becomes
nwR Ee(n,w)
: (n,w) + :
k02_w2
g, (w) = : (H-23)
Ve © 2 H(2) ® Yk I )
g (6] 1 0
vhepe W=k e« = k_siné sing

]
and E (n,w) and Ee (n,w) respectively are the cylindrical
transforms of the aperture fields Ey and Ee.
Now the required radiation Pattern in the H -plane
(4 = 0) is obtained by observing that in the H -plane, w = 0

and that for the dielectric coated H -plane sectoral horn,

T,W) =0 (Since by Egs.(6.21) E,(R,8,y) =0 )

!

2
Ey(R,e,y) e Bk coskyoy cospo Hé ) (krR) (H-24)

and Eﬁ(e) = 4 JkoFe

But by Egs. (6.38)
—jkor
e & jne . n+1
By ™ Tam— x @ g

n=— oo
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Hence the g —~Plane radigtion Pattern becomes,

il
ko it 0 g Ing .mad
g T M A - I g (w) (H-25)
? nr Feee- oo &
But by Eq.(H-23) for the H -plane
B {(nw)
g, (w) = Y(g)' (since By =0Oandw =g )
k H (R)
and by Eqe. (6.35) and fe2t)
v n,w Jall = T I1I2 (H—26)
t
= (2)
where |E| = krAan (krR)
a g
Ly o - ft¥ cospg e~ J00 de
-a
0
2 cosna sinpa .
g g Lo _0 . ig cospa_ ] (H~27)
(1- &5 ) 5 P
P
But for HE11 mode p = gf sy and hence
%%
2 cos n q
n
p( 1 - o )

p
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a/2 2sink L
I, = 1" cosk, ydy = ¥o_ % (H-29)
~a/2 N kyo

Thus for HE11 mode, from Egs. (H-26), (H-28) and
(H-29) g, (W) becomes,

. a
E QCOSnao Slnkyo 4
gn(w) = B @) (H-30)
i
p (1 ;)kj',(;{oHn (k R)
By Egs.(H-25) ang (H-30), for HE, ; mode, E¢ becomes,
J—jkor 2E2 sink % o cosna  ed1® i
Eﬁ(e) - 8 kVO 5 . 0
TR a8 B gy
1Y
4 gy . T
Where E2 = krA hp< ) (krR) With p = e
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APPENDIX T

DERIVING EQUATIONS FOR MULTIMODE DIELECTRIG
LOADED RECTANGULAR HORN

I-1 FIEIDS IN THE MULTIMODE DIELECTRIC LOADED
RECTANGULAR HORN

F = ixw
IH .
X =ik @&
‘wo = Q cosa_ X cos %? Yye 2% (I-1)
B "
X =tk 5
Wo =D cosay ( g -X) cos %E SR
An 2 2 B 2
where ( - | 't kz fue S ko
(I-2)
nr (2 2 2 £ <
( . 3 kZ + By = k1 = erko
The different field components of TEX modes are obtained
by the relations,
oo .t T
g = S . Tt 3%0:
0z Jedp - A5
I-3
Z  Jdy Z  JWu, 9x3z
1 9 2
= _— ( k. " ¥)
Bg =0 ' HX'_J¢“° dx d
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From Egs.(I-1) and (I-3), different field components for
the dominant TEx1O mode (n=0) in the horn axial and dielectric

coated regions are obtained as,

In the horn axial region

—jkzz
E =Cgkzcosao X e

y , nn
o (since for n = 0, cos =y =1)

x40
E, =0 (Sincel is independent of y with n = 0)

- 10
Hyo =0 (since ¥ is independent of y) (I-4)
0a =K _B
PR 18 | Z
HZo . T coS ao X e
k 20 -jk_z (since k et 2;3 x ° )
\ Z 7 o) 0 Z
~ g ——— cosa_ x e

In the dielectric coated region

ik =z

e a _ z
Eyd = Jk,D cosay ( = X) e
Ezd =g
Exd =0
H =0
yd =
(1-5)
£ a.D iy %
Hyg = = z 4 81nad( 5 -x) & ®
. JWH o
2
k =3k =
H x4 - cosay x e 2
J W o
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The evaluation of the constant ( C and D ) and the propagation

constant kZ can be made by matching the B -and H- field

components at x = 4 % ~s ( s being the dielectric coating
thickness)
ThaE
- I S b v s B
yo = Eyd ot x = > S,gives
a — -
C cosa ( e s) =D L ELS (I-6)

ii) Ho, "H ot x o3 ( % -s8), gives

Z
Ca, sina_ ( % -8) = =D ay Sinays (I-7)
Dividing Eq.(I-7) by Eq.(I-6), it becomes
o, tana ( % -8) = - ay tanays (1-8)

But by Bqg.(I-2) both a, and a4 are functions of k_, so the
above Bg.(I-8) is a transcendental equation for determining

the wvalue of k,+ Knowing k,, a  and ay are obtained by Bq.(1-2),

0
and the ratio ¢/D can be obtained either from Eq.(I-6) or

from Bq.(I-7).

Since both the regions will have the same propagation
constant k_, by Eq.(I-2), a single equation relating o and

agq is obtained as
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(I-9)
: g 2 2
ieeiag” = kg (ep=1) + a
Now for the case of thin dielectric coating with low

permittivity material, ko is not very different from k1, and

@ and aq will be small. Accordingly

é -— ——— i -a- = ~ (94 é =
tana ( - 8) o= sina ( 3 s) £ g s)
and tanad B = ads,
and hence Eq.(I-8) can be written as,
4 Rrasy & 2 &
% - A ; 8) a'= P (I-10)

An explicit relationship for a, can be obtained, by using

Eq.(I-9) in Eq.(I-10) as

e 2 A T |
ap” = -ky? (e,~1) 28 (1-11)
-2 THE RADIATED FAR FIELD FROM DIELECTRIC LOADED

MULTIMODE HORN

By Eq.(7.8)
TE1O TE/TM4 5

2
- 3 =5
Et EJc + B, = E(cosaox - cycosaox cos 7 ¥ )

Knowing the transverse electric field Et over the
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horn aperture, by the vector diffraction formula, the radiated

far-field at a point 'P' is given by

e_jkor k " jko(xsineoos¢+ysinesin¢)
E(P) =k, (1+ E cosb) {J T dxdy
Thus the radiated far-field of the test horn in the E -plane
(@ = n/2) is given by,
“4E 1 K g F
0 Jk y 8iné
= Php Z 0 o
Ee(e) Ik, e (1+ e cos9) éfEt e dxdy
—jkor
. e
" | AR (PR :
ik s (1+ k. coso)
AV /2  B/2
27
S  B.(cosa X+2 _cosa Xcos=/my) .
-t /2 =B/2 i/ o B
"jTC X2+ 2)
= ( « jk_ysin®
e Xol B K e o dxdy (1-12)

] 2 2
—J_ T ( % - )

( A phase variation of T = e Mo over the aperture

is assumed, where R = the horn axial length)

=ik r
21X g .7
"9 = B LIaods] 1 .
. 2
where At /2 =3 B =
&= & eoBa X. & AsE o
_At/g : 5
TLE S T =ig g "+% X
= l f e o 3 B 0 ) e )\O K dx
& Lyt
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Ra e e R
0 (AR)
/ ?2-9-— {C(uq)—c(ug)— 3 [S(u,l)—S(uz) ]}

(I-14)

[V R g e
(112) it SRR B
: 2
B2 TR & ik veing
I, = _sz e Ao R g0 dy
B/g . B i jk _ysine
- 5 J e AO R e dy +
- 2
e - Te AR w3 wmd
i / i e Jk ysing -
J Ea. ng sinze
A - - il
- g,_{ M=o (g )= [ 8()-5¢)]]
(I-15)
where
“\ =3 k sing
% —V-2 [ )\OR 0 + B — ]
B/2 jk ysing =im y°
iy ysin . L A
and I = —B§2 cos f% y ¥ e Ao R dy
. - 2
B/2 j 2% =4 gy e : -jn ¥
340 LDy e B,
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B/?2 j%; v ik ysing o9& %?
g O e Ao R dy

i i e
B2 VSR y  Suiweing 4.1
% A &

e dy]

-

i A I ( SR 6)2
/'S* TS e R {c<v1—c(v2>--j[s<v1>-s<v2>]}

AR ( TR .
re T L TR0 L o(vy)0(v,)-1 [S(v5)-5(v,) 1 ]]

(I-16)
where

(V1>= i ¥ 2 .2
¥af V2 [W\;E:V’\OR(EﬂL ——sine)]

0]

S % D
(vZ\*VE [ W j‘_V‘-}\OR(%—}-z\—O-sine)}

Using Egs. (I-14), (I-15) and (I-16) in Bq. (I-13) E,(6) becomes

o =Jk T L iNo Ra02
Ee(e) = l—j———- R(1+ E%- cosf) e I
r o}

5’;.0 (U..] )"'C (uz )“J [ S(u1 )—S (u2) ]} [F]]_: +CYF§I]

(I-17)

whe I € ain®
reF:.[=eTRk0 sin @

1 .{c(j)—c(g)—j[sm )—S(§) ]}
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T V )\OR
and JmAo R (=+% sine)2
Fil . AW ig(v1)—c(v2)—j[8(v1)—S(vg)]}

i R g 2 : 2 .
JRAP ( = 7X5 sine) g‘C(VB)—C(V4)’J[S(V1)-S(VQ)1}

And the radiation pattern in the H -plane (@=0) is

given by
=l
; Jk e ¥ ( k,
Es(0) = ——— (1+ =2 c0s0) .
@ 4mr ko
=% x° y2
= (5 +% ) Jk=xaino (I-18)
fsz B g BTRTTLER dx 4y
= L 1
e wm® k A /2 B/2
. (1+ == cos8) B [
4nr ko ~g e Snie
o fa% ( % * % ) ik _xXsine
(cosao+cyoosaochsj;y) e Ao e dxdy

Following the above mathematical operations (carried out

for Ee(e)), Eﬁ(e) can be derived as,

—Jkor

iB b
By(e) = 422 (1+ Ef cos@)R F [F; + 0,75 ] (T-19)

4r



where

¥,

2
d

i L

= Mo (a))=0luy)= [S@p)-Sp) 1§+

wf cug)-olw,) - 3 [Swy-s@,) 1}

- S A + Th R ~2= = aing) ]
(i iz e
F}’:Z [c(w) - js(w) ]
where == B
R
JmALR
F; =e B2 [ a(¥)=c(B) -3 s(&)-s@) ]
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I-3 EVALUATION OF B AND Cy — MODE CONVERSION IN

A RECTANGULAR WAVEGUIDE BY A STEP DISCONTINUITY

The conversion of a portion of the TE1O mode energy
to TE/TFHQ mode in the rectangular waveguide is achieved by
a symmetric step discontinuity in an oversized guide as
shown in Fig.I-1. The oversized square guide is designed to
support the propagation of TE/TP’L‘2 mode; and to be evanascent

for other unwanted higher order modes.

Assume that the TE1O B —-field has a perfect match at
the step discontinuity junction, and let the transverse
E -field By at the discontimuity plane ( z = 0) be the same

as for the TE1O lnoident field,
Lels Et = 1 JCkZ cosa X = iy Eo cosa X
0
The electric field of the TE1O mode EJG in the oversized
guide is given by
1o
Et = ly B coSaox

1 TE/TM4
The transverse electric field of the TE/TM12 mode, B

t
in the oversigzed guide is given by

"B = 7 A I
t ly v cosa Xco 3 Y

where Ay = the amplitude of the TE/TM12 modes.
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At the left side of the junction only TEjo mode can propagate-
At the junction plane, however, an infinite number of modes
are excited, but all higher order modes except TE/TM12 modes
are evanascent modes for the oversized guide. Thus to match
the boundary conditions the transverse field of these modes

should satisfy the following relation

= E/TM1 9
Et = Et + Et + higher order modes

( these higher order mode terms are neglected since they are

evanascent modes for the oversized guide)

i-e- 275
E cosa x = E cosa X + A cosa X cosS =— ¥y
b} 0 0 y o) B

- 2 2n
E(cosadx+ 5 008a X cos = y)

1l

| " :
E (oosaox + Gy cosa, X cos z= ¥ ) (I-20)

il

where Gy = the mode conversion factor defined as the complex
amplitude ratio of higher uvrder modes to dominant
mode,

Multiplying both sides of Eq(I-20) by cosa X and integrating

within their respective limits,

a'/2 1p/2 o at/2 B2
Boosaxdx dy = B[ [ cosa x dx dy +
-a'/2 -p/2 O - -At/2 -B/?
At/2 B/2
g S coszaoxcosggydxdy ]

I -av/2 -B/f2
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n S0 gina a! SinaoA'
Eob(a‘ * = 2. ) = RB (A' + ) + 0
O 0

T : !
e Bak Bloal t sing a')
° B

(I-21)
1 P {

(aOA + sing A )

Now to find Cy multiply both sides of Eqg.(I-20) by
ooSaOX cos E% y and integrate within their respective limits,

Thus it becomes,

a'/2 b/2 o
B S 0082a xdx [ cosesyady =
° -at/2 e -b/2 B
AY/2 B/2 5
=8 [ f coszaox dx . cos —% y 4y +
—A'/2 -B/2
&' /2 B/2
C S 0082a xdx 0082 g% y dy ]
I 2 2 B/2
i.e. 4 sing al sin % b 1 sina A" B
" B m Dtgr e}
g}g(a'+ - : E[Omyz(ﬁ + = ]2
B
(o _a'+sina_a') sin = b
fe 0, = 2B 2 2 - (1-22)
1 3 1 B -
EB(aOA +sina A ) 3
Inserting the value of B from Eq.(I-21) ¢_ becomes,

y
2sin X b
B

b4 TRE g (I-23)
B
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L GAIN OF THE MULTIMOD:: DIELECTRIC TLOADED HORN

Transverse E-and H -fields over the radiating aperture

of the oversized waveguide are obtained from Bgs (I-4) and

(1-20) as,
EO = EO = E(Cosc X+C _cosSa Xcos ?E ,Y)
(I-24)
g s il 2 B
HY = HZ juiuukz (oosaox+cyoosaochs = )
0
e
uJuo

The total power passing through the radiating horn aperture

is determined by

P.o=LRar ff B .m0 s
§ " 3 e G e R ]
G R Ky, .2 S 2 2%
- e 8 a_X+ 8 0 XC08 =—y +
= -Atf2 -B/? w By, (cos™a, Uy SOk G IR0 o
2Cycos2aoXbos %E y) dx dy
S T .
S 1 3 1 =y
8 S¥; o, (aoA + sina 4 Y (B+ Cy) (1-25)
The on—axis gain of the test horn is defined by
¢(0,0) = 4z £19,9) (1-26)

Py
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where P(0,0) = 2L [Eelz e
no max
By Eq.(I-17) and knowing that C(n1) = - C<£;‘1) and

S( nq) =—S(§0) where n, and %1 are the values of y and'%,

at 6 = 0, and are given by

TH): o
%1 - = » P(0,0) is obtained as,

k,
P(0,0) = é%— BRZ (1+ k—) {[C(u1)—0(u2)] +[8(uy)-s(uy) | }

o

2
[YT6(§1)J2+[S(§1)J2 + o&vjb(vo1)—0(v02)]2+[S(vo1)—s(vcz)]z}

(1-27)
Using Eqs.(I-25) and (I-27) in BEq.(I-26), the gain becomes

a R2(1+ kZ )2
LI
6(0,0) = A& o s )
To z (aoA' +sinaoA' )

[0(ug)=0(uy) ]2 + [8(uy)-5(u,) 12

— : =

(2+032,)

2
. [V CZ(%1)+SZ(<€J,1) g v [C(vo1)—0(v 2)] +[ S (v 1) -S(v 2)]]

(1-28)
,and using the relation Wy =kon,  the above Eq.(I-28) reduces

to
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2 E 2
b e TR +[S(ay)-S(u,) ]2}
BLO0) e s

: 7]
B(aoA'+s1naoA')kZ (2immt )

2

g

o

Vfbk%%)]2+[s(%1)j2+cgl[0(5;1)—c(v02)]2-+[S(vo1)—86;02)]i}

55

(I-29)

where %1 = B_'_

V§}; R

(vo’l): i [: B & ZMJ
ap Ve

and u1 and U, are as defined earlier,

7 TE 1 Mode
E F Step discontinuity

e
AN :
| \xifffﬁﬁf:f\\\\\
\: "\\ EZ %Oversized guide
1 ki,

{

r : \ﬁ\ E =
e 7
L] | !

TE, +TE/TH | |
Sl £ | |
Mode ! f :

i
LWM_MMMM_MﬁnwidL
— A —p

g 17 Rectangular Step Discontinuity
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APPENDIX J

DERIVING EQUATIONS FOR HYBRID MODE DIELECTRIC
LOADED HORNS

J=1 FIELDS IN THE HYBRID M(DE HERN WITH DIELECTRIG
LOADING ON H- PLANE WALLS

The electric vector potential F for TE to y mode is

given by
F=1 J-1
v b (J-1)
The proper forms of the potential function ¥, for the horn

axial and dielectric loaded regions respectively, become

[bo = G, cosa_y cos % X e—jkzz o
wd i B cosay ( g ~¥) cos %g - jkzz
where ¢ * %y ( 22)2 = k,°
0 z A d (3-3)
ad2 +kz2+ (%)2 =k12 (:ErkOQ)

The different field components of the hybrid mode are given by

B, = - g_w - 2%y
» ¥ Jwu, Toxdy
E, = g% O S G (7-4)
£ JWH, 3ydz
By 0 1 32 2
H = g, S AR R

yoooJwyp, 2

oy
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Substitution of 1110 in Egs.(J-4) gives the different field

components in the horn axial region ; and are obtained as

EXO i anzoosaoy coS ?g i e_jkzz

EZO ny %g C, cosa y sin 2% " e'jkzz

EYo * 0

Hzo = 'jfpokzao sina y cos 2% % e—jkzZ

HYO - jufi()(koz—ao2) cosa _y cos %% % e—jkzz

Similar field components are obtained for the dielectric
coated region by substituting md in Egs. (J-4), and are given by,

—jkzz

- B n
Eoa Dk oosad( = =y) cos jgx e

s o/
- nm B ;R J Z
Ezd Dn A oosad ( ) y) Sln'jfx o
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1 n ; s -JE. B
Heg = = —— Dnad fg sina, ( g =y) Bin 7; o T (J-6)
JWH g
k. a —HE B
. et i B nmn Z
HZd = ‘m Slnad ( 5 y) coS T & &
~1k.8
5 1 2_ 2 B 2 nmw J z
EYG._ Ton Dn(k1' . ) cosad( ) y) cos — X e

Now continuity of EX and EZ at the air-dielectric interface
18 at v = g -8, (where s is the thickness of the dielectric

coating) gives

& s £
Cncosao( 3 5) = D, cosay s (J-7)
Continuity of H  and HZ at y = g - S gives
3 B — B o —
Cpd, Sina (= -8) = D a4 sina,s (7-8)

Division of Eq.(X-8) by Eq.(J-7) gives the relation

a, tan a, (

rold

-g) = -0y tana; s (7-9)

This is the characteristic eQuation for the possible values
of k . 4s in Sec. (7.2.1), considering the case of dielectric
coating by very thin dielectric slabs of low permittivity,
it is possible %o obtain an explicit expression for a, e
Accordingly, assuming the same kz for both the regions, from

Egs.(J-2) and (J-8) it is obtained as,

2 . Bae 2s b
a = = (“r 1) - (J-10)
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J -2 FAR-FIELD PATTERNS OF THE HYBRID MODE
DIELECTRIC LOADED HORN

The radiated far-field is determined by the aperture
field method based on the vector diffraction formula . It is
assumed that reflection occurs at the open end of the waveguide,
and the field in the aperture is defined as the superposition
of the direct and reflected waves. Thus, denoting the reflection

coefficient by [ , the total aperture field becomes

B = (1+r.)Eti = (1+[ )3 ¢,k cosa_ycos 2% x e_jkzz (7-11)
where Ey; = IX Exo = j anz cosa_y cos %g - e'jkzz
and .
Hys = (1—r‘)5y Hyo = —(1—r*)jci?%)(koz—aoz)cosaoycos EEX e—:JkZZ
(7-12)
Therefore Exs (1+r—)03“0kz

o (7-13)
Hys (1—F')(k02—a02)

Now the radiated far-fields in the E-plane and
H-plane respectively are obtained by the vector diffraction

formula as

~-ik r a .
_ I e ik _ysin®
o g 1= e 0
Ee(e) = BN &l - FO ._:_l__cose ) _Téf'EXS' € dxdy
0

(J=14)
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E . i i ; »
o(8) 7N = (1+ = = cose)(’l+[_)3kzcn 1.1, (J-15)
) (0]
+4/2
where Ty =040 cos =X x qx = 24 pin { 22) (J-16)
B' /2 Jk _ysine
A i cosa y e © dy
2 1 0
-B /2
: [ k5108 cos(a_ B)sin(c B'sine)
W el , sin® cos(a_ =)sin sin
(k_sine)® - q ° 4 °2 B

1 1
B B f 7
a, sin(ao g)cos(ko 5 8ing) ]

(7-17)
and inserting Eqs.(J-16) and (J-17) in Bg.(J-15), B, (8)

becomes
—Jk r .k
A e Z “|—I__ 4 R
E,(8) = 20_k (1 - B
o(®) = 20,0, (10T )% 1 g2 o cos0)ein 2
t
1 52 [ k siné cos(q g Ysin( g ing)

Z :
ao-(k081n6

/ B 1
a, sin(a 55 cos(ko :; sing) | (7-18)

and

i —jkor kz jkoxsine
B8] & ol © (cose + l.,._[ T N g Exs ¢ dxdy
¢ “No T t»[- o
e e k
77—}\ Rl (cose + T Ic—-)(1+r)JanZIBI4 (7-19)
o) 0
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where B'/2 ; i
13 = f cosa y dy = -—Sinao = (7-20)
—B'/2 CIO 2
A/2
I4 = cos 2= x §x c0s(k_sing)
-4/2 A ~
-

: nmw 11—
1 8in = cos (kg&§-31n9)

- (3-21)
2%)2 - (kosine)2

and using Egs.(J-20) and (J-21) in Eq. (J-19) Eﬁ(e) becomes,

—jkor k l—
1m
Eg{e) = 2o &k BB (1+]7 ) (cose+ 2 A
s B )\or E; 1+|"
" A i B!
sin == cos(ko T 5ing) sina 3
; (J-22)
; o nm, 2
(k081ne) -( K") a,

It is seen from Egs. (J-18) and (J-22) that the radiated

far-field is non-zero only for n = 1,3,5,.,

Jdr> ON-AXIS GAIN OF THE HYBRID MODE HORN WITH

DIELECTRIC LOADED H-PLANE WATLLS

1 B! /2 A/2 Y
Py = Re E—B{/2 —Afz Bys Hyg dxdy ] (J-23)

But by Eg. (J-13)
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E_(S _ 1+ W p‘Okz
P g il e
HYS 1Ur ko he
Therefore
B'/2  u/2 (k %mg 2
Pt = :l_ j‘ j“ (1—J—-) 0 @] r XSIZ dxdy
2 ~B1/2 -p/? (14[7) D bk,

Inserting the value of E_ o by Eq.(J-11), P, is obtained as,

2
o 2 2 ;
- 2 - B+ Bt
P, = 8 1 l; (1+)) (ko A i g (ao giue B') (3-24)
8 1+r‘ k n Z a
g ts 0]
( Since Odp,o = ko”o )
The on-axis gain is defined as
1 £ 4nr2
L -2
@¢(0,0) = 1By~ G g (3-25)
0
From (J-18), '
k r- Sina o
- A 1 z 1= e.2
lEelmaX = ZanZ(1+,——) H‘; >\“—'—Or(1+ g —_1+r_ ) ao (J"26)

Thus by Eqs.(J—24Z(J—25) and (J-26), ¢(0,0) becomes

k 1
64kl A (1+ 2 %)2(1+r) sin’a_ 2
6(0,0) = ; (o-21)
n2”7\§(k02-ao2)(1—r-)ao(aoB'+sinaoB')
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J=4 EVALUATION OF MODAL AMPLITUDES BY MODAL
EXPANSION OF FIELDS

Consider the guide junction of Plg.T< 7« JT¥ 1ip
desired to determine the fields forz > 0, from the known
values of the tangential fields at %= O, with the assumption
that the guide is matched at the Junction. Let the TEy

mn
modes may be determined by the superposition of the mode
func tions as
=i &

R L Cpy ©OS% ¥ cos %2 xe x (7-28)

o m=1 n=1

(kz is assumed to be the same for all the modes)
Limiting the consideration to m=1, let the function be given by

o "Jk Z
g = 21 Cqp COSAy ¥ con %; ra (7-29)
n=

where G4, 1s the value of a, (in Eq. (J=3) ) for the HE1n mode,

Now the tangential field B, (Ey = 0 for TEy mode) is given by

)
i - 5% s and by Eq.(J-29) E_ becomes

-l B
n
cosa, ¥ cos KE X e o (7-30)

it

M Wity

C
. 1

n

I t1g

1

Thus the tangential field at z =0 , by Eq. (J=30),becomes



~327-

. = = n’j't T
B =k, T ©,,000 ¥ cos - X (F-31)
Let there be a wave incident on the Junction from the smaller
waveguide ( X- band) and let the longer guide be matched.
Assuming that the smaller guide is carrying a TE1O mode, the
incident wave at the junction ( z=0) is due to this TE1O mode,

and hence it becomes,

iy cos & x ¥ 90 :
£ 5=0 a v (3-32)

= 0 R A

where 'a' and 'b' are dimensions of the smaller ( X-band) guide.

From Egs.(J-31) and (J-32), it is obtained,

cos — X% =k %

) Cin cosa, ¥ cos %? x (J-33)

1

Maltiplying both the sides of Bq. (J-33) by cosay .y cos F= X,
and integrating over the respective limits for the smaller

and longer waveguides at the Junction

d+e a+c - o
ef Cf oS Z X cos =& X cosa,,y dx dy
B/2 A/2
. PR 3 ¥ cosza1ny sog” %E x dxdy
-B/2 -A/2
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a+c

i d+e) =-si e L s By dx
81m%n( ) 81n%n B cos Z X cos ¢

kZC
4

Rl s (a1nB + sina1nB) (7-34)

The integral in Eq.(J-34) can be evaluated as,

atc
i cos g X cos %E x dx
c
‘2gin g c nx ,a+2c N = (J‘35)
" cos — (—'2*—) cos I+ =

(in the evaluation of the integral, a term whose amplitude

increases with the mode number n has been neglected)

From BEgs.(J-34) and (J-35), the modal amplitude ¢, becomes,

8 sin g c cos % (a+2c kbos g% a sina1n(d+e)—sina1ne
& =
1n
T W 1 \2 :
Ta kZ [( ¥ )° - ( B ) ] (a1nB + sn.na,lnB)
(3-36)

Eq.(J-36) can be used to compute the amplitude of any

higher order mode corresponding to the values of n.
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