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ABSTRACT

( R. Appukuttan Nair, 'Radiation Characteristics of Certain

Dielectric Loaded Microwave Antennas', Ph.D. Thesis,

Dipartmint of Electronics and Communication Engineering,

University of Roorkee, February 1978.

Guides and Supervisors : Dr. A.K. Kamal, Professor and Head,

September 1975 to February 1978, and Dr. S.C. Gupta,

Professor, September 1975 to August 1977).

The widespread application of paraboloidal reflector

antennas in microwave communication, radar and radio astronomy

has stimulated 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

sidelofoe 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

communications. 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

possess greater on axis gain, low sidelobes 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 cylindrical 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 Q+TE/TM12 and TE ^+T'E/TK ,

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
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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 much

reduced effect of feed pattern is to use the cassegrain

antenna[34]f [35j [116] [140] system which, however, has
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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]j [53], [62], [123] is the most commonly used reflector

type because this produces high gain pencil beam with

quite 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 wideangle 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

third consideration.

Thus the ideal feed horn for paraboloidal reflectors

for many space applications is one which combines high
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gain, low spill-over, nearly uniform aperture illumination,

equal E- and H -plane 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 primary feeds

that will have greater directivity, high gain, low sidelobes

as well as a variable beamwidth facility in addition to

the polarisation and phase centre requirements.

1.2 STATEMENT OF THE PROBLEM

This dissertation is concerned with the development

of some nev; improved feed systems that will have increased

directivity, greater on-axis gain and reduced sidelobe

levels, for large paraboloidal reflectors for many

applications. The possibility of providing a variable

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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i) To increase the directivity of conventional horns

by the use of dielectric materials. Conical horn,

biconical horn, E -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,

ii) 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,

iii) To investigate the development of some new feed

systems that will provide shaped beam facility with

relatively low sidelobes by combining, the technique

of multimode operation [108],[51] for low sidelobes,

and dielectric loading [l7],[50]for greater

directivity at the cost of slightly raised sidelobes.
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1.3 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 various antenna systems discussed.

In chapter III , the effect of dielectric 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

biconicalham is investigated in chapter IV, for the control

of its pattern directivity in the vertical plane.
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Chapter V deals with the investigation reports

of the radiation characteristics of corrugated horns-

conical horn and E -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 E -plane sectoral horn, and dielectric

loaded H -plane sectoral horn with a cylindrical boundary

are reported in chapter VI. 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 double flare

multimode horn with dielectric loading on E -plane walls

has been studied analytically 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
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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 II

REVIEW AHD GENERAL CONSIDERATIONS

*

2.1 INTRODUCTION

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 0r adaptive beam [107] parabolic

antennas in spacecraft have stimulated 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 , a

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

2.2 HISTORICAL REVIEW OF MICROWAVE HORN ANTENNAS

The more frequently used horn configurations are

(i) pyramidal (ii) sectoral (iii) conical.

2.2.1 STUDIES ON PYRAMIDAL AND SECTORAL HORNS

Pyramidal horns [63],[64],[121 ], have been used

for many years at UHF and microwave frequencies 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],[is]

r24~I [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 exact on-axis gain

of the E -plane sectoral horn yielding perfect agreement
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with the experimental results.

2.2.2 PERFORMANCE OF CONICAL HORNS

It was made well known that conical horn [47] [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 polarization of the dominant TE. ^ mode -

a valuable feature for polarization diversity applications.

Moreover, as a result of the tapered E -field distribution,

the conical horns have more favourable sidelobe structure

than with the rectangular aperture horn. A simpler approach

for the evaluation of the performance of conical horn has

been suggested by Narasimhan and Rao[96] °, and conical

horn antennas have assumed considerable importance in

recent years for polarization diversity applications [3].

The propagation and radiation behaviour of biconical

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 cire alar 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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2.2.3 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 [3 6] [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 earth-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 broad 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],[138] . Optimum horn feeds for reflector

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

2.3.1 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 [7s]-

Rumsey [2.2.5] has shown thac 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 MaoA[89] for axially symmetric patterns,

zero 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 v/ith 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 cylindrical

aperture [133] was found to possess more directivity and

low sidelobes than identical horns with a rectangular

aperture.

2.3.2 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 E - and

H -plane beamwidths. At about this time, the propagation

and radiation behaviour of corrugated horns were also

studied by Minnett and Thomas [9l]in Australia. Following
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these, a lot of work has been done on corrugated surfaces

and corrugated horn structures of different geometry

[20],[21],[28],[41],[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],[lOl] . The

properties of corrugated conical horns as reflector feeds

have been investigated[25],[26],[58], [83 ],[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] techniques have been found to be effective

in broadening the useful frequency bandwidths of corrugated

horns when used as reflector antenna primary feeds. The

improvement of corrugated conical horn performance has also

been made effective by lens correction [27].

2.3.3 INVESTIGATIONS ON MULTIMODE HORNS

Pattern shaping by combining orthogonal TE1Q and

TEfi. modes in aradiating 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 higher order

modes (multimodes) in a radiating horn for pattern shaping

was due to Potter [108] who utilised the technique of

superposition of dominant and higher order modes in a dual

mode conical horn. The technique simultaneously resulted

in complete beamwidth equalisation in all planes, complete

phase center coincidence and at least 30 dB sidelobe

suppression in the E -plane. Beam 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],[l36] . The technique of

mode conversion has also been studied by many [93] [132]

for the generation of the wanted higher order modes. A

multimode rectangular horn antenna generating circularly

polarised 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/TM12 and TE/TM21) modes to operate the antenna in
two orthogonal mode sets (TE1Q +TE/TM12 and TEQ1 +TE/TMgJ.
The horn was found to possess equal beamwidths in E - and

H - planes, low sidelobes and low off-axis polarization

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 [l0[, [17], [49], [50] . A 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[l3 4] by the use of dielectric wedges inside the

horn walls. Satoh[ll9] could develop a wideband dual

mode horn which has a rotationally symmetric beam and

lowsidelobe levels by loading a dielectric band inside the

horn antenna. Ajioka 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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2.3.5 DIELECTRIC SPHERE LODING AS A MEANS OF
PATTERN SHAPING

In 1972 Chatterjee and Crosswell [23 ] introduced a
method of producing multiple beam or variable beamwidth

feeds 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] Jand 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[3?]
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

excess of that obtained by a uniformly illuminated aperture
of the same cross-section.
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2.3.6 STUDIES ON SURFACE WAVE HORNS

The surface wave phenomenon[n] 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 a wedge shaped bounded reactive surface was suggested

by Arora [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 GENERA CONSIDERATIONS

The main considerations that have been used for

the analysis of the antennas discussed in the thesis

are mentioned below.

2.4.1 VECTOR POTENTIAL 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 A
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or in terms of an electric vector potential F . The

total field of a system can then be expressed by the

superposition of the fields in terms of A and F . For

source free regions A and F should satisfy the Helmholtz

equations,

2- 2-
\7 A + k A = 0

(2.1)
2- 2-

s7 F + k F = 0

The electromagnetic field in terms of I and F, for the

source free case, is given by,

t=t 1E = - ^7 x F + ^7 x ^7 x A

° {2.1)
- - 1 -
H = T7 x A + ——— y x Y7 x F

Thus the concept of the vector 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.

2.4.2 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 from
the field distribution ( %, e±) tangential to the
horn aperture. By this method, the radiation field from
a rectangular aperture is given by

IK jikor
E = ° £ (1+cose) // £ .4k r — j" -t

3ko(xssin8cos0+y sin6sin0) (2.3)
e S dx dy

s Js

It is noted that all points in the XZ -plane ( H-plane)
have spherical co-ordinates 0 = 0, while points in the

YZ -plane ( E-plane) have the co-ordinates 0 = n/2 .
Accordingly from Eq. (2.3) the H- and E -plane patterns
are obtained respectively as

t? - • o e , _jkx sinG
0 ' t ~T— (1+C0SG) // E eJ o s ^ dy

S J S S

k
-jk r (2-4)

= * o e ° . _ jk y sine
6 D4^ T~ (1+C0S9) lS Et e ° S cixsdys

where \ is the transverse electric field over the horn
aperture contour s .

To calculate E accurately from formula (2.4) it
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is necessary to consider the dependence of E, on the

co-ordinates x and y .
s J s

In the case of circular aperture, the respective

radiation field components are given by

k ~Jk^r II me • • o e ° t. i .- M Dk jO„cos0 sine

s

kn e " °"^ d+cose) ff\ Jko^s±<sinef8^2t5)6 ° 471 ^T— ^,lwOB^ JJ at y ^sTs'-s

The basic relations given by Eqs. (2.4) and (2.5),

formulated 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.



-23-

CHAPTER HI

RADIATION PROPERTIES OF DIELECTRIC LOADED CONICAL HORNS

3.1 INTRODUOTIOET

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 Diane

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 communication earth stations and radiotelescopes,

as it 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,stimulated

considerable interest in the development of new improved

feed systems which will have low sidelobes and high directivity
for a given cross-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 wallsfio],[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.

3.2 A WIDE ANGLE CONICAL HORN WITH A HOMOGENEOUS

DIELECTRIC SPHERE IN FRONT OF ITS APERTURE- [73]

In this section the effects of placing 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.

3.2.1 GEOMETRY OF THE SYSTEM

The antenna system under consideration is shown in

Fig. 3.1. The homogeneous dielectric sphere of radius »b«

and permittivity e1 is placed in front of the aperture of a

wide angle conical horn of flare angle 6 . The regions

exterior ( r > b ) and interior ( r < b ) to the sphere have

propagation constants k and k1 respectively where
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ko :^ V" uq eQ (region r >b )

k1 = ^ 1"~y~~ ?-| ( region r <b )

Here both the regions are assumed to have the same
permeability u

o

3.2.2 ANALYSIS 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

(HE^n modes )may be derived from the vector potentials A
and F ,each having a single component only in the radial

direction such that A=i^ and F=i^ ;and satisfying
the equations

r2 3r r -5r } '^~2T Vf (sin e1T§ ) +
1 a2A 2

r2Sin2~ TJT +ko Ar =°
(3.1)

and 10 3 ( r2 dir s 1 3 , 3?r N
-2 ^ 3r > r-2—2— |T (sine *r ) +

1 a\ 2
—2 2" ——5" + k F = 0r sin^e 302 ° r

where i~r = the unit vector.

Applying the method of separation of variables to
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Eqs. (3.1), and also giving attention to the foil owing

boundary conditions :

i ) The field

at G = G.

must be periodic in 2% on 0, and finite

ii ) Tangential E must be zero at fi = e , the fl
0

of the cone, Ar and Fp can be obtained as
are angle

m

A = a
r mn

Pj (cose) Bn(kQr; e^
(3.2)

F = b
r mn

P^ (cose) Bn(kQr) e^

where m is an in1;eger, and for the given values of m the

eigen values n are evaluated from the characterise

~d"6~ Pn (cose) = 0 at 8 = 6q for TE modes

lc equations

and *l (-ose) = 0 at e - 6Q for TM modes

a

P^ (cose) = Associated Legendre function of

first kind

the

VV> - Solution to the modified Bessel'

for the spherical functions.

s equation

Now the transverse electric field over the horn

aperture becomes

t
Et - h\ +W (3.3)

where re and r0 are the unit vectors, and the tangential

field components .&e and E^ are given by
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^r + 1 •%Jl

3WV dr3e

«2- (3'4)E„ =1 -L F +__J _ 3 Ar
jo r 3e r jug r sine —r~r~p—

o or30

Assuming balanced condition at the horn aperture, the transverse

electric field Et over the horn aperture, under far-field

approximation ( i.e. k r >> 1, b (k r) = in+1 e~^kor
o ' n o d '

Bn(kor)/i1n(kor) =- j), is obtained by Eqs. (3.2), (3.3) and
(3.4) as,

~JKT cm t on
lt --(j)^ ^_L a T-J- [ "(00S6) +x r mn vu0A0 L

sine

^P-(cose)] (ie ♦ 3i0) eM (3.5)

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

where

i °° 1
\ - 2 a P (cose) B (k r) cos0

n=1 °

(3.6)

i °° 1*r " n0 E aR Pn (cose) Bn(kQr) sin0

m .-n (2n+1)
d n

= VTvTe

a = ,in d n(n+1)

Jo

Bn^k0r) = Jn^k0r '̂ tlie n order modified spherical Bessel
function of the first kind for the field in the

near-zone defined by r < b •

* Hn ^o1^' the n order modified spherical
Hankel function of second kind for the field in

the far-zone defined by r >b

The assumption that Bn(x.) = Jn(x; for the near-zone and

Bn(x) = H^'Cx) 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 secondary

fields [129] having two components viz. (i) 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. 8* '(k r)) for the scattered fields,

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

potential functions for the scattered field become

kx = cos0 I bn h; ; (kQr) P^ (cose)

(3.7)

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

would be developed by the potential functions,

t °° <• 1Ar • cos0 E dn Jn(k.,r) ?n (cose)

(3.8)

F =n sin0 l e J (k.r) l' (cose)
r 1 n=1 n n 1 n

Here bn, cn, d^ and en 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 cn only; and these constants of

interest are derived in Appendix A -1 as,
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bn =
-1T$1 j;(kob) Jn<klD) h. vee Vk0b) 'J>ib)

. a

cn =

(3.9)

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 Eqs. (3.4).

3.2.3 RADIATION FROM THE SPHERE LOADED CONICAL 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

Eqs. (3.6) and (3.7) the potential functions at any point

in the far-zone are given by,

J, GO ^ /O \ *

Ar =cos0 E K\> (kor)P^(cose) (an+bn)
(3.10)

Fr =n0 sin0 s H^ ) (k r) Pn(cos6) (a +c J
n=1

nv „ „, v^n ^n/
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Using the appropriate formul a

K - Sj *Ef - - 1 ^ dPr + 1 32A
0 e 6 r sine Jrt~~ +

r

d0 Jioe^r 3r36 '
o

(3.11)

&y Eq. (3.10), the e -component of the radiated far field
is obtained in Appendix A-2 as,

Ee+ = -,ocos0 e*P<-3V) - n+1
r n=1

Pn(cose)

"~sTnF~ (an+cn) + Fe~~ Pn(cos6) (an+V J <3.12)
+

and
r

expression,

And substitution of A+ and F+ from Eq. (3.10) in the

e+w =si +BJ = 1 a + 1 a2A
0 0 0 r U1T •% + At- (1 1^ou r otoeorsine a?dT ^-n3j

the 0- component of the radiated far-field is derived as,

E0 = % sin^ eXp("jkor2 - .n+1
r n=1

r a -d1 ^ «v / x fn(coso)ET"e *n loose) (a^n) + ^__1 <an+V ](3.U)

The resultant expression for the far-zone field oeoomes,
Bo(r) = ij* + IJR+ ,
« e e 0 0' (3.15)
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and it is shown in Appendix A-2, that by using Eqs. (3.12)

and (3.U) in Eq. (3.15) the resultant field is obtained as

"*<»>-- 3n-eXp-(3}cor) ? (2n+1)'0-
r n=1 -ntn^TT (Vn +W <3-16>

where .

Pn(cose) _ a
Mn ~ sine •C0S^ 1Q " Jg- ?n(cose)sin0i0

?! (cose)
S = —— P (cose) r>nq<# i - "~ sin0 1/rfn Aft xn^osy; cosp l sj_ne i» ^

ae n ' ^ e

c b

n a pn ' + ~
n n

iQ and i^ are unit vectors. The radiation pattern based

on Eq. (3.16) has been computed by evaluating a and J3 for

typical values, and the results are presented in Fig. 3.2 a.

3.2.4 FORWARD DIRECTIVITY OF THE SYSTEM

The total power Wt radiated by the system may be

determined by integrating the total power flow across'an

infinite sphere placed concentric with the diffracting
dielectric sphere.

Thus Wt = J Re [ f f ?2(\ XEL) sined6d0 ]
0=0 e=o n K

(3.17)

This integral can be evaluated with the help of the

following orthogonality relationships [129, pp_569]:
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* a * m2pm PmC / a m d -pin n n' %
oj K d*6 n d"e n' + — ) sinede = 0 where n ^ n'

%

sin 6

2 (n+m)! / . ,
T2nTTT ~(T-nT)rn(n+1 } Where n = n'

u1 d ^1 , 1 „1„1

sin^e
oj k ~a"e Xn d~6 n' + , £ nPn» )sinGd9 = 0, if n 4 n'

and .

71 P P '
r ( n d p1 n d «1 n,j * ^T^fi flfi ^n + STTTg 7m— p^t ) sinede = 0.oJ sine de n sine d6 n'

Using the above orthogonality relationships W, is derived

(see Appendix A-3) as,

oo

"flo'4, (2n+1) ( |an|2+ IfJ2) (5.18)

An expression for the directivity of the antenna

device in the forward direction relative to an isotropic

source may be obtained by setting e = %in Eq .. (3.-16)

and using the expression for tf.. (Forward directivity and the

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

dielectric sphere has been assumed lossless).

Thus the forward directivity D becomes,
" o '

D° = T~i (3'19)
'o wt
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Making use of the relationships,

Pn(cos6)
sin~ — 71

(-1)n
-n(n + 1)

and sine p"!(cose) (or - -i- _1, . ,
n 39 Pn(cos6) )

-*n

(-1)n
>> —n— n(n+1),

in the expression for ER(r), the forward directivity is
derived in Appendix A-3 as,

2

D

v 2n+1 / 4,n / ,, s2 .___ (-1) (a +b )
2 n n

n=1

n=1 2 ' n' l^n' >

(3.20)

The directivity is estimated using Eq. (3.20) for known

values of b, e1 and the operating frequency fo ;and the

results are plotted in Fig. 3.3.

3.2.5 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 (e )

o o/
26 and aperture diameter 11.75 cm was fabricated. Experiments
were performed with paraffin wax ( g - 2.25 ) dielectric
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spheres of diameter 9 cm, 6 cm and 4 cm placed in front of

the cone aperture. The horn was excited by a TE.. mode in

the input circular waveguide; and the gain and pattern

measurements were carried out at the X -band frequency

(fo • 9.66 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 cm from the cone

aperture is experimentally 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 Eq. (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 also possesses a variable

beamwidth facility depending on the dimensions of the

dielectric spheres. The increase in directivity is seen

to depend on the sphere dimensions and its location from

the horn aperture. For a typical sphere, there is an optimum

position for maximum gain, and the improvement in gain is

particular for spheres of diameter b <3A0 •

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 inpvt VSWR by

appropriate sphere off-set positions in front of the horn

aperture has also been discussed in those sections.
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3.3 DIELECTRIC-COATED CONICAL 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 radiation

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 HE., 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.

3.3.1 MODAL ANALYSIS

The inner walls of the conical horn of flare angle

9q is layered with a dielectric material -of permittivity e.,

as shown in Fig. 3»5 - (The flare angle of the coated cone is

6.j). The modal fields in a conical horn can be derived from

the scalar potential functions A- and F j and giving attention

to the outward travelling waves, Eqs.(3c2) can be written

as,
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S ••«Si2) V> ^^ ^
(3.21)

Tr -V^2) <V>PS<°°B°> .»
where a^ and bffln are constants depending on the excitation

of the modes, and are related by the equation

b
mn

amn ="J %*„ Where % -VH0 /60

and BQ is a coefficient depending on the boundary conditions

(BQ • + 1 for balanced conditions).

In Eqs. (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 0- part of the Helmholtz equation in spherical

coordinates, given by Eqs.(3.1), after separation of

variables can be written as

XT^TsTne h (8inG ^T1 }+n(n+1)~ —-o~ =0 (3.22)
oy sin 9

For small values of 6, replacing sine by G, the above

Eq.(3.22) is modified as,

a2x(e) 1 ax(e) r , 4* m2 n ,N

y (3.23)

Denoting "Vn(n+1) - q; and putting v = qG, Eq.(3.23) is
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modified as,

2!SM+1 !|M+(1_4)I(e),0 (3_24)
V

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

X(G) - DmJm(v) (3#25)

where Jm(v) is the Bessel function of the first kind

v - q6» q - l/n(n+1)

and ^m iB an arlDitrary constant.

Inserting this relation for the G-part, Eqs- (3.21) can be
written as,

Ar =amnSn2) ^k0r) Jm(qG) exp(jm0)

Fr =\nf}(k0r) Jm(q6) exP<^)
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

Eqs.(3.26) the proper form of the potential functions for

fields in the dielectric coated region becomes,

Ar =tcmnJm((le) +**&*(&) ]̂ (k.r )exp(;jm0)
d (3>27)

Fr =CemnJm((le) +Wm(cle) 1̂ (V)exp«)

(3.26)
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where j^(x) a Bessel function of the first kind

ym(x) = Bessel function of the second kind

^(2)
Hn (x) = modified spherical Hankel function of the

second kind

and k« =^f e
o

(The superscript 'd' in Ap and Fr denotes dielectric
coated region).

The constants cmn and e^ ; d^ and f^ are related by the
same way as a^ and b

mn mn

i*6' emr/cirn =~^ 1, Bn and f v/d - "in Bmn mn '10 mn mn "-] o

The characteristic equation for the separation

constant 'n' can be derived by matching the fields at 6 = Q

and also by applying the appropriate boundary conditic
The characteristic equation for the hybrid (HE_J mode
obtained in Appendix B-1 as,

Qj-Ue-J jH (k r) mB
—_ !__ + o o

.ons

"mn' 1B

Jm(<$l) H(kQr) sinG1

e1 r Jm(qei} V^V -Jm^e0) ^V-q U— +
V^W^ -Jm(qe0)ym(q9l)

+j mBo H'(kor) (3.28)
sinG. H(k r)

I o



where H(x) = H^2' (x)
n v '

43-

n'M- I; fif)(x)

(The subscript 'n' in HE „ denotes the ordinal number of
mn

the root of characteristic equation that designates the order

of the wave in the horn ). Under far-field approximation
it'

(i.e. k r »1, 2 - -j) B.q. (3.28) becomes
o H

q/>l> Sin6l +mB •!i[ qJ:i^y^eo|^^
Jm(q6l) 1 ° ^oL ~ '

Jm(qei)ym(qeo)-Jm(qGo)yffl(qG1)

sinG1 + mB J (3.29)

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

and the excitation coefficient B = +1 , the characteristic
o

equation for the HE. mode becomes,

J.! (qB.)
sin8.,.q —-——— +1

J^qe^
t

e1 J^qe1)y1(qeo)-J1(qeo)y^(qe1)
FT E q — sin6.+1 ]

J1(qG1)y1(qGo)-J1(qGo)y1(qGl)
(3.30)

This characteristic equation is solved graphically

for a coating thickness of 2° with paraffin wax (g =2.25).

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

The values of Tn' thus obtained for HE., mode, by taking the
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FIG-3.5 .DIELECTRIC COATED

CONICAL HORN
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first root of Eq. (3.30) for different values of coated c

flare angle e1 are shown in Fig. 3.6 together with those

for conventional and corrugated conical horns.

Substitution of Ar and Fp given by Eqs.(3.26) in the

appropriate field relations [52] (Eqs.(3.4) ) yields the

interior horn fields. Accordingly for the HE^ mode, under
far-field approximation, the interior horn field components
are obtained as,

B - ,n+1 e^ ^de)
e ' 3 a11 %—£—!. __ + qJl(qe)J exp(j0)

one

(3.31)

^0 —3 3l}oa11 — [-J .+qJ (qG) ]exp(j0)
x sinG

(3.32)

The value of q in the aboA,e equations for EQ and R*

corresponds to that for the ffiL, 1 mode i.e. corresponding to

the first root of the characteristic equation.

3.3.2 OOMPUIATIOH OF RADIATION FIELDS

The transverse electric field I over the horn

aperture, under far-field approximation, for the HE^ mode
is obtained from the values of Efi and E„, ; and b

'0 )ecomes

\ = reEe +W
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I _r-^n+1 e~*k°r . J-,(qe)t " -"> a11 ^o —— [ _ +qJl(qe) ] (ie+Ji0)exP(j0)

(3.33)

Using the following recurrence formula for Bessel functions

J>) + f Jn(x) =jn(x) .
and with the assumption of sinG **G for small values of 9,
the above equation for E% becomes simpler as

-jk r
•m _ / •\n+1 e °

Et --^ a11 %—T~ ^V^(iG +5i0) exP(d0)
(3.34)

The simpler expression for Bt given by Eq. (3.34)
facilitates an easy evaluation of the diffracted far-field
on the basis of the vector diffraction formula [120]. Thus

the diffracted far-field, under the assumption of no phase
variation of ^ over the aperture, is obtained (Appendix B-2)
as?

-jk^r
ER(r,G,0) -B^ (1+cosG) 3 e °

0 A7 0 Slne)

0 n— sin g

Xo
where aQ - the radius of the conical horn aperture

and B^ is aconstant independent of (r,G,0) as defined in
Appendix B-2.
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The validity of the assumption of no phase variation

of Et over the horn aperture is true only for a maximum phase
error [125] of tc/4; and this is possible with G1 <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'. (L 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,

V = 7Relff (Et X H*) ds]

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

obtained as

Pt =? *% s.2u q^G2 [ J^q^) +jfCqe^] (3.36)
Now the axial gain is defined as

4tx P(0,0)
Pt (3.37)

where P(0,0) - —— r2 IeJ2
2 ri ^'max

0

Using Eqs.(3.35) and (3,36), the axial gain is derived in
Appendix B-3 as,
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(qe,) [^(qe^* jffqe,) ]

The substitution of the typical values of a,G1, qand
)^0 in Eqs. (3.38) will give the gain of the dielectric

coated conical horn for HE^ mode excitation. For typical
values of the experimental horn ( see Sec. 3.3.5) at

f0 -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 Eqs.(3.34)

and (3.37) depends on both GQ and aQ. These formulae are
accurate only for 9- < 20°.

3.3. 4 EXPERIMENTAL RESULTS

The radiation behaviour of the dielectric coated

conical horn was investigated with a cone of G = 20° and
0

aperture diameter 11.75 cm coated with paraffin wax (e =2.25)
for a thickness of 2°. The horn was excited by KB..- mode
in a circular input waveguide at a frequency of 8.86 GHz.

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

good overall agreement between the two results. The patten
for the cone without dielectric coating is also include*
for comparison. The E-plane and H -plane patterns of the

coated conical horn are depicted in Fig. 3.7b. The gain

rn

2d
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of the cone with and without dielectric coating was observe
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 dielectric

coated conical horns have increased axial directivity and
on-axis gain; and reduced- 3 dB beamwidth at the expense
of a minor deterioration in the sidelobe levels.

3.4 DIELECTRIC SPHERE LOALED DIELECTRIC COATED
CONICAL HORN

In an effort to attain improved radiation pattern

with increased directivity as well as low sidelobe levels

from dielectric coated conical horns, investigations have

been carried out with dielectric 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 soiree. 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 increased

directivity.

d
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3.4.'I ANALYTICAL FORMATION

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
Eig. 3.8 a ,and its optical equivalent in Fig. 3.8b
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

*J(crO -a[P (yO TE TE? ^J£± i^_ ]V2
o- da. (5t39)

uf(o-) =a[p. (w, )TE TE sim£ dj^ -, 1/2
K ' * os. do-

where ^ and TE2 are the effective transmission coefficients
at the two refracting boundaries of the sphere, a is a
normalisation constant, and P0 (y )and P0(.f )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 minimum 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

lb cjrCf-) 9
CBTML LIMMT WIYWrtT OF ROOMEF

" Of '••



-51-

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,

Ue(6) =D(V>)2 ~iTF- J u!|V)Jo(kobavsinG).

-DkQv (<5^)
e cr- d o~

_., (rertical plane) (3.4°)
e 3 or 6ni .

U0O) - j(kQb)^ kr / uf(CTs) Jo(kobc^sinG).
-jk v(o-)

e 0
©-» d CT-

(Horizontal plane)

where §*m denotes the radius of the equivalent circular

aperture over which the amplitude u (o~v) and the phase

distribution k v(o-) are known, and b is the radius of
o

the sphere.

Using the values of u (o) computed from Eqs.(3.34) and

(3.39), the integrals in Eqs. (3.40) have been evaluated

by numerical method (Simpson's rule) and the results are

plotted in Fig. 3.9b.
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3.4.2 EXPERIMENTAL OBSERVATIONS

To investigate the radiation properties of the test

feed system, experiments were carried out with the same

conical horn of G = 20° and aperture diameter 11.75 cm

coated with paraffin wax (e = 2.25) for a thickness of 2°

discussed in Sec. 3.3.5. The horn was excited by a TE.1 mode

in the input circular waveguide at f =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

aperture were determined experimentally for minimum input

VSWR performance [85] . Experimental results of the radiation

pattern for the feed system are presented in Fig. 3.9a

together with those for dielectric coated and conventional

conical horns. Theoretical patterns obtained for the feed

system by the present method using Eqs. (3.40) for paraffin

wax spheres of diameter 6 cm and 4 cm are depicted in

Fig. 3.9b 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 -j dB beamwidth as a

function of off-set dielectric sphere diameter is depicted

in Fig. 3.1 Oa.
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FIG-3-8 a _ GEOMETRY OF THE DIELECTRIC SPHERE

LOADED DIELECTRIC COATED CONICAL

HORN

APERTURE

PLANE

IMAGE SPACE

AA _ APERTURE PLANE

BB _ THE EQUIVALENT CIRCULAR APERTURE

THROUGH THE CENTRE OF THE SPHERE

FIG.3-8b_OPTICAL SYSTEM FOR THE GEOMETRY
OF FIG-3-8 a
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FOR CONVENTIONAL CONE

FOR COATED CONE ALONE

FOR 4cm SPHERE

FOR 6cm SPHERE

FOR 9cm SPHERE

FIG. 3.9a_EXPERIMENTAL PATTERN (E-PLANE) OF SPHERE
LOADED DIELECTRIC COATED CONICAL HORN
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6 cm SPHERE]
4 cm SPHERE]

6 cm SPHEReI

e

THEORETICAL

•EXPERIMENTAL

40 50

FIG-3.9b_RADIATION PATTERN (E-PLANE ) OF SPHERE
LOADED DIELECTRIC COATED CONICAL HORN
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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 horns

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 conical 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.

3.5 DIELECTRIC SPHERE LOADED CONICAL

HELIX HORN [74]

A new type of hybrid mode feed system for

applications in satellite communication is 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 a

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 of 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 microwave

lens illuminated by an aperture source. Analytical results

are established in good agreement with experimental results

3.5.1 MODAL FIELDS IN A CONICAL HORN WITH HELICAL

BOUNDARY

The feed system under study is shown in Fig. 3.11a.

The helical cone of flare angle 9 consists of a closely
o

wound wire helix that allows only circumferential currents

to flow. Because of the v/ay 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. In order to satisfy the boundary

conditions both TE and TM modes need to exist. For small

flare angle cones, by Eqs. (3.26), modal fields inside the

horn region can be obtained from the potential functions

given by,

F,. • B^ J (k r) J (qe) e
r n nx o m H '

(3.40a.)

jm0

and the potential functions for hybrid modes outside the

horn are given by
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Ac - C H(2)(k r) J (qG) e^
r n n v o m H '

(3.41

F° = D ft(2)(k r) J (qe) e^
r n n v o m H '

where q = yn(n+1) , m is an integer and 'n' is real and

positive. A , B , C and D are constants that depend on

the excitation of the horn; and can be determined by applying

appropriate boundary conditions The superscripts - and oin

A and F denote the corresponding potential functions for

the regions inside and outside the horn respectively. Here

the functions J (kQr) and H '(k r) are cnosen respectively

for inside and outside the horn regions since at r = 0 the

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

The characteristic equation for the eigen values may

be lormed by using the lollowing boundary conditions

i \ F = "F1; r(inside) " r(outside)

11' r(inside) ' r(outside) at the horn boundary
i.e. at e = e r = a

iii) Ee =E0= o ° °

iv) The field is finite at the horn radius = 0, and

is infinite at the radius = °o.

It is seen in Appendix C-1 that the characteristic

equation for the hybrid mode is obtained as,
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J (k a )j (qG ) o A(?V „ ', %
n °° m ° = £2 2 Hn} <koao>Jm(*eo>
f <k a )7^e ) 7? Sin bo -__——— (3.42)
nv o o7 mVH o' m a(?^, s / „ \

HU;(k a )J (q6 )
n o o m * o

where a is the radius of the conical helix horn and G is
o u

its flare angle. The primes indicate differentiation with

respect to the argument.

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

j'(k a )J1(qG„) fi(2) /k w'(a6 )nv o o' 1VH oJ 2 2A Mn l oojJ VqV r, 4,n
__ .-- = q sin G r-77rr " ' {?•*?)

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

a = 3.5 cm, f - 9.58 GHz, the eigen values 'n' for HE., 1
o o

mode corresponding to the first root of the characteristic

equation are obtained for horns of various flare angles 8Q,

and are plotted in Fig. 3.12 as a function of GQ.

With the eigen value 'n' known for the particular

horn of flare angle 6 , the E -fields associated with the

horn for the HE.. 1 mode become (see Appendix C-1) ,
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inside the horn

E_ - -il_ Ei^li Jn(kor) J^qG) e^
J^S0 r

E, -Jn(koao) J^qe^
tog r

*o
I , !

Ja(kQr)J1(qe) sinGQ J^k^)^ (qG)

L~ ~~ "sinG " ~ J " ]
Jn(koao)j1(q9o) Jn(koao)J1(*eo>

k•a-1-8-^ ^t

,J0

(3.44)

Til , =
1 O

V
Jn(koao) J^qG^

uOeor

-q2Jn(kor)j^(qG)
[ _ ___—. sin

J (k a )J (qG )
n o o 1 o

j;(kor)J1(qG) .0
J eo /s, i sinG

Jn(koao)j1(qeo)

outside the horn

E.
fl n(n+1) fn„(kor

^«o * Sn2) (iVV
- J (k a ) J.(q0)

n o o 1 *

iA„k q H (k a ) ,

6 LOSor n o o' |IZJ (k a )
n o o

H^2)(kor)J1(qG) sinGQ ft<2) (ipP)jJ <q6)
] e 30

^)(koao)Jl(qGo) Bine g(2) (^^ (^)
(3.45)
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'"0
«»V ^2)<Vo>

-q sine I ... , leJ^
l h o —• —— + sine

^2)(Vo)J1^eo^n),(V)J1(^o5

In Eqs. (3.34) and (3.35) Vis the eigen value for HB11

mode, ( q = f"lT(n~TT)" corresponds to HE^ mode) , and A.,

is the mode coefficient for HB^ mode of excitation.

3.5.2 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 aperture. The transverse

electric field over the horn aperture for HE.,., mode, is

obtained as,

*t =Vg +Z0E0

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

approximation (i.e. H'/H = -j)

e^V n Ji^e) °1 '/ flv i D0Se=331 —— "[^sTnT--^HoD-J1(^^ e" ^
r 1 (3.46)
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and

"JV n+1 ' G1 J1(qe) 1 D0e0 =Di ^T—Dn+1 uj^-^v-W) ]e
(3.47)

Inserting the values of E0 and E0 from Eqs. (3.46) and
(3.47) E, becomes,

Et -d, *_ on [-^ -iH0 ^ *,<*>J le +

»/ n °1 •Jl(q9) lii 1 e^ (3 48)[qJ^qe) "jf^o j—j-g- 3̂0J" (3.48;

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 impedance r\ Q).

Ei , ^-rp^us — = - D1 • Inserting this relation in
C -i e

Eq. (3.48), . Et becomes,

JL =D< a"3*0' ,n, J1(q9) , . r« r-cM N *«.! e^0' 3* t "^sTEG +q1Jl (qG) ] (Vji0} ei
(3.49)

Using recurrence formula for Bessel functions, and

sinG^ 6 for small values of G, \ becomes simpler as,

V3**>1 ^~ qJo^ 'W e^ D'50)
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where D., • a constant depending on the excitation for HE-..

mode.

This simpler expression for E, 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.134]

% -e AQL the diffracted far-field [44]
for the HE.. mode of excitation in the H -plane (0=0)

(see Appendix C-2) becomes,

-jk r'

B.(r,6) = ^ X°q • Sk J <q8) cos2G ( £_!_ ) .
0 2uLsin^e K ° 2 r

^ *% " *a 2 \n"1 ,2n
6 7^ £l A?-) nT"An^)

2
where S-^. = iza,^ , the area of the horn aperture

d = k a sinG, a being the aperture radius

t

r = r + r , with r as the horn flare length
00 °

L = axial length of the helical horn

and/\ (x) • j-j^—n Jn^ ' is the Lamda function.
\x/2 )

(3.51)



-65-

The radiation pattern for the HE., 1 mode is

evaluated on the basis of Eq- (3..51), and the results are

shown in Fig.3.13.

3.5.3 THE AXIAL GAIN OF THE CONICAL HELIX HORN

The total power P. crossing the horn aperture can

be evaluated by considering the cone region as a

spherical cap 0f radius L.

Thus the total power crossing the spherical cap

of radius L in the cone region is given by

Pt -I Re [// (Et XII* )ds]

Inserting E, from Eq. (3.50) and remembering that

H- = IL/ „ , it is seen in Appendix C-3 that P., with the
t v n o x

assumption of sinG ss 6 for small angle cone, is obtained

CIS v a 2

Pt -IX,*q2 -£-£- [J0 (q60) +Ji (qeQ)] (3.52)
no

The on-axis gain is given by

0(0,0)

1

7
E
y

max

t

4ixr

It is shown in Appendix C-3, that

(3.53)
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2„2 _4_2 7ta 2

•0J : 4D1'_qt" sin1" ,l,ao ,and thus the gain becomes,

o na
16 sin

2A01

2AoL
G(o,o) - _____—___ (3o54)

9o2[Jo2^eo>+J12^eo> 3
a

since e ^—2—
0 L

16( | )2 sin2
2 A Lo

0(0,0) - — __ (3.55)
J0 (qe0)+J/(qeo)

The axial gain of the conical helix horn based on

Eq.(3.55) is obtained for the typical values of 6 ,L,a and
o o

fQ; and the result is shown in Fig.3.17 •

3.5.4. CONICAL HELIX HORN WITH DIELECTRIC 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.3.11 b .

As in Sec. 3.4.1 , following the method due to

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

p ~^V CTm
\J(G) - j(kb)' ( r~) / u (cr)j (Jcbcr-sine).o KQr q i oo

-jkv(o^) (3.56)
e o i

a~~ d cr-
i

r _ • .i __ __ sinvu ciu; i

cr*- do
rith u.(o) =a [ P(w) TE, TE9 ^i___ __i ] *

1 C ,-r>^ J rs^

where P(uO denotes the field pattern (power) at the sphere

off-set position. In the case of conical horn with helical

boundary, because of the fields outside the horn, the

aperture field E 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 Sec. 3.4.1 . The radiation patterns are computed by

evaluating the integral in Eq. (3.56) by Simpson's rule

inserting the value of u.(o>); and computed results are

plotted in Fig. 3.14

3.5.5 EXPERIMENTAL OBSERVATIONS

Experiments were carried out at f =8.64 GHz with

a conical horn of radius a = 3.7 cm, L = 10.5 cm and half
o

flare angle G = 11 , having a helical boundary formed by

winding 14 SWG (2.23 mm dia) copper wire on an expanded
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polyethylene conical base. The conical base was only a

thin shell of polyethylene supporting the wire, in order

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

Fig. 3o13 the theoretical results based on Eq-(5.51) is

plotted together with the experimental results of E-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 Eq. (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. A '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 TE^ 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 (g =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. In 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 wavelengths

is depicted in Fig. 3.17 .

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

illumination 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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FIG. 3.11 b_ OPTICAL SYSTEM FOR THE GEOMETRY

OF FIG. 3.11a
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gain and low sidelobes by dielectric spheres mounted at the

horn aperture.

3 .6. 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 front 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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increased 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

DIELECTRIC LOADED BICONICAL 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 VHP - UHE band for broadcast purposes. Recently the

importance of biconical horns which radiate circular

polarization has been discussed [87] for use with radar

transponder beacons. Eventhough the use of dielectric

materials for improving the directivity of some aperture

antennas has been well established [48], [50],[134 J, 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

polarization [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 vertical

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 Pig.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,6,0). The

exciting means may be situated at or near the origin

which is a singular point in the analysis. The conducting

symmetrical biconical horn of apex angle 26 is coated

with a dielectric material of permittivity Qj so that

the apex angle of the coated horn is 20,. .

4.3 ANALYSIS OE THE FIELDS

Waves are excited near the origin of the system
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REG. II

FIG-4.1 .GEOMETRY OF DIELECTRIC LOADED BICONICAL

HORN FOR CIRCULAR POLARISATION
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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 (HE modes) having both Er and Hr components

( r is the direction of propagation) are to exist. Horn

waves of the transverse electric type (TE modes) having

both E and H components may be obtained from an electric

vector potential E that has a single component in the

6 direction only such that P =i0 if and satisfying the

wave equation [52],[129]

i (r * ) + _ _ (sine J, ) +
r2 dr 37 r2sine ae d0

ig—* £__ +k2 f -0 (4.1)
r sin G 902

Applying the method of separation of variables to

Eq. (4.1) the potential function f can be obtained as

%- Bn(k r) L^ (cose) e^ {^2)
A .

where B (kr) » modified spherical Bessel function

L (cose) = Associated Legenore 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 IjJ will be different

for the two regions, viz. the dielectric coated region(Reg.l)

and the horn apex angle region (Reg.II). The proper forms

of IJF 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 interfaces. Since Jn(kr) and

$ (kr) (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 Jn(kr) is finite at r - 0. Hence for

the dielectric coated region (Reg.I) the proper form of

Bn(kr) -J^r).

where k. =Ca3 ~\j~^~~ ~

In general L™ (cose) = Gn P™ (cose) +DQ PJJ (cose)

where, P (cose) = Associated Legendre function of

the first kind.

•Jfl
icoso; =

the second kind.

Q (cose) • Associated Legendre function of
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and 0 and D are constants.

For the dielectric coated region, since 0=0 and 6 = %

are excluded, the general form of

l^ (cose) * on P^ (oose) +Dn qg (cose)

is to be taken.

Eor the horn apex angle region (Reg.II) , i.e. the region

of horn apex angle 20 ) B (kr) should be replaced by

H '(k r) to represent outward travelling waves-( Here

k = uj Y^i ™) • Similarly for this region since 0 = 0

and 0 = 7i are included, and Q (oos0) = 0 for 0 = 0 and

0 = %, Ln (cos0) becomes only P (cose). Thus the

proper forms of the potential function ijj- for the dielectric

loaded and the horn apex angle regions respectively

become

^d =Jn(k1r) L°nPS (cos8) +DnQn (cos8)' e
jm0

(4.3)

♦0 =PnH|2)(kor) pJJ (cose) e^

where kQ =u> V*jl ~ and ki =^ Ym^s ' The subscripts

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

apex angle regions respectively.
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Using Eqs.(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

^ea"0

?n(klr) L^ (oose) •**

:Va -L 1221- ♦ k, *>,r> ] !•: (oose) •«•

_L_r k, j'(k.r) L- L» (cose) +
-J L 1 nN 1 3r ni«V

+1 J M - L? (oose) ] •** (4.4)
r n 1 36 n

(3d cOnrsme n 1 96 n
Ko

Hefl - __- k,2 *.(*,*> L* (oose) .*
J eO^0

where L* (cose) - Gn P^ (cose) +D^ (cose)

and the prime indicates differentiation with respect

to r.
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In the horn apex angle region

\0 - ___*» g(2) (k ) Pm (oose) eJntff
rsine n o n

_(2)(kr)
E0o =- [ " ° ♦ ko^2)'(kor) ] FnP^ (cose)e^

E„ = 0 (4.5)
yo

H = _____ [ k H(2) (k r) L Pm (cose) +
ro 3uD u0 ° n ° 3e n

1 ^2)(kr) i-Pm (cose) ] Mr n s o 30 n ' J

m FHtf0 " ____ A(2) a pm (oose) ^
to^rsin© n ° 9e n

k 2H • B o ^2)(kr) Pg (cos0) e^

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

i.e. ax e = 0 a .

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

[P^cose^ c£ (cose.,) - p^ (oose.,) Q^ (coseo)]|̂ -pJli(cose1)

^n^03^ Qn ^s01> -^osQo) i-P^(cos01)]p;(cos01)

1 + (klr) »!--
Jn(V}

fij2>C-.r)
1 + (k r) _____

o

A(2)
'i'V>

(4.6)

The above characteristic equation is valid for any value

of r < L where L is the flare length of the horn. This

equation can be solved graphically for typical values of

6 f Q* > S-i and f .and the value of n for HE.,,, mode can
OIIO* II

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 RADIATION FROM DIELECTRIC COATED BICONICAI 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]- The

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\ and the dimensions of the horn comprises the
^o

radiation pattern). Thus using the vector diffraction

formula[l2] the radiation pattern in the vertical plane

( E -plane with 0 = %/2) for HE., 1 mode is given by

~^oV . Jkr„ cos(ea-6),

4nr x "b ^ (4.7)
e ,* r,\ r r - " O O ' 8 ydsEQ(0) " jk (1+cos0) ff E e

where E = the transverse E -field in the horn apex angle

region and is given by

V T0 E0O +V0o " VE0o |„ (since Efl =0 )r=r0 - ^ ir=r0 „0

and rc^the 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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—(1 +cos0) r
2X r

I __
7i 2r

o

m) cKu^-cCug) -_ [s^J-sCug)] j +

n|c(v1)-C(v2) -j [S(v1)-S(v2)]l (4.8)

'1 o

A

H
o v

v« H(2) (k r )
where E, E ( k H(2) (k r ) + ___________

0 o

_k r
) e o o

with E as a constant depending on the horn excitation

J _2_ ilili e3(v+1)l
M = e 4ro Ti

3>_1 _£_e"5(ve +l )
N = e 4ro u

ui^e.-e-^-^-]/
u2 - [-Ql -0 -^i_±_L] /:

x

2r0 %

[Q1
o

v? = [ -0. +
>_ V

2r„ u

. 2r

2r_ 7i A

2r

X

(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 obtained is

compared with the experimental pattern in Fig. 4.4

4.5 POWER GAIN OF DIELECTRIC COATED BICONICAL
HORN

The total power P, transmitted through the horn

may be calculated by integrating the power density flowing

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

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

in Appendix D-4 that P, for the HE.., mode can be derived as,

4|E1|2 vrQ2 01
P. = — (4.9)

o

\' H^2^ (k r )
where \^\ -Eq (kQ „j2> (k.r.) ♦ v )

ro

The gain of the dielectric coated biconical horn is

given by

2 I ,2
4*r E |

0 max

G- - , (4.10)
"o Pt

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

is obtained as,
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r . o 2/[0(uo1)-C(uo2) ] +[s(uc1)-S(u 2)]
-r 2

+̂ La(To1)-c(vo2)] + [s(vo1)-s(vo2)_

Xo (v+1)
2r

2r ti

71

i 01 ] &
V Xo

(4.H)

The gain based on Eq,(4.11) has been computed for typical

values and is found In agreement with experimental

results,

4.6 EXPERIMENTAL RESULTS AHD COMPARISON 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 circular polarization [87]was designed for the

specifications detailed in Fig. 4.1. The biconical horn

was coated with paraffin wax (e = 2.25) for an angular

thickness of 2.5°, and measurements were made for HE..
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mode excitation of the horn at a frequency of 8.86 GHz.

In Fig.4.2 the H -plane pattern of the dielectric

coated 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 far

greater variations are introduced by terrain, buildings

etc. It is to be noted that the variations from

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. 4.3 . The increase

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

biconical 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 biconical horn

based onEq.(4.8) is compared with the experimental

results. The fairly good agreement between these two

patterns upholds the validity of the assumptions and

approximation made in the derivation of the E -plane

pattern. Theoretical value based onBq.(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 appropriate

dielectric coating.

ii) the E -plane pattern beamwidth of the dielectric

coated biconical horn is considerably reduced and

the power gain is increased as compared to the

respective quantities of empty horn,

iii) the horizontal pattern of the dielectric coated

biconical horn is fairly circular with less variation

from uniformity as compared with that for empty

horn; and

iv) the circularly polarised dielectric coated biconical

horn can be used to give an omnidirectional pattern

in its H -plane orientation to serve the useful

purpose of telemetry and command during the launch

and orbital 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 E -plane orientation can be used for

concentration of energy toward the surface of

the earth . This antenna which radiates circular

polarisation can also be used conveniently with

a radar transponder beacon responding to a ship's

navigational radar.

4.7 CONCLUSION

The technique of dielectric loading in improving

directivity of aperture antennas has been applied to

biconical horns. Theoretical results of radiation pattern

and gain are derived from an electric vector potential

by the aperture field method, and are established in

excellent agreement with their experimental values.

Dielectric loading is found to 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,

CBITftAL UWAW UNIVERSITY OF ROOMS!
ROORKEE



CHAPTER V

DIELECTRIC SPHERE-LOADED CORRUGATED HORN

5.1 INTRODUCTION

The corrugated horns are very useful as primary

radiators 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 corrugated conical horns as

low noise feeds for reflector antennas has been stressed

by several authors [25], [95 3, [98] • Analytical and

experimental studies made on the radiation properties of

corrugated E -plane sectoral horn [99], [id] have established

its desirable features to be used as an improved feed system
for paraboloidal reflectors in satellite communication

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. Pirst 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.

5.2.. A CORRUGATED E -PLANE SECTORAL HORN WITH A
DIELECTRIC SPHERE IN PRONT 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 minimum input VSWR position in front of

the aperture of the horn excited in the balanced HB^
mode. The test results have shown that such a feed system
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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 a?ad radio astronomy.

5.2.1 ANALYTICAL TREATMENT

Geometry of the test feed system is shown in Pig.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

electric field vector E at any point can be related to

the incident field E1 by the expression

B(r,e,0) =_ +ii£Vx Vx r[erC_r.)-1] .
s

Bie-0k(r-r')
: 1 ds1 (5.1)

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

scatterer

g = relative permittivity of the scatterer

s' - the surface area of the scatterer.

Since we are interested only In the far-field pattern,

Eq. (5.1) can be written for a homogeneous spherical

scatterer of radius lbl[l5] as,

, k 2 (6 -1) 2% k ,
Efi(6,0) =E^(e,0) + °> r / / E1^'^*) .
6 o 471 o o

^korf hcos6cos6'+sinesinel 1 cos(0-0')]? ^ t

b d0'sin6 d6

(5.2)

after the vector operations and the usual far-field

approximations have been carried- out on the factor

-Ok (r-rl)
e

|r-r'|

Here E1(e,0) = 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 BQ(6,0).

To facilitate an easy evaluation of the factor with

integral representing the scattered field component E (6,0),

the co-ordinates of a typical point on the spherical

scatterer is taken as (b,Ti/2,0f). Thus Eq. (5.2) can
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be written as

jkQb sin6cos(0-0') 2 <
e .b d0 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

flare angle horns as edge diffraction will be minimal in

such cases.

Narasimhan and Rao [lOl] have discussed the

radiation properties of a wide flare (10° < a < 70°)
0 '

corrugated E -plane sectoral horn, and have shown that

for such a horn supporting balanced HE 1 mode, far-field
pattern in the E -plane can be given in terms of a

spectrum of cylindrical waves [52] as,

-jk r
_ fn\ e ° 2aA' °° n oosna

_

1

'fVo)
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q _ _

2a
o

^ • k E,
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(2)'
Tt ^ r 0'

2a

a «• the width of the corrugated E -plane

aQ • the half flare angle of the horn

ro = the horn flare length

kr - the propagation constant.

E1 • modal amplitude depending on the horn
excitation.

In fact to get the near field from this radiation field,

the near-field far-field transformation technique suggested

by Ludwig [81] can be used. But from the nature of

radiation pattern given by Eq. (5.4), as it has e^nG

variation, it is suggested that the same form of the field

can be taken for the near-field also.

Thus expression for the scattered field Es becomes,

k 2(p -1)Bs = o ^r 27t tc . , jk b sinGcos(0-0«)
W ~J __•*"",'<>

n

.b .d0sine' de' (5,5)
where -jk r oo

L, ___! 2 (j)n cosna0 1K •
0 nv „_2 n=-°

n
q H^' (k„rj
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It is seen in Appendix B that the integral is evaluated

to get the scattered field as,
2

Es mk0 (V~1) 2 i +cosn7I
6 ________ AD 2ti J (k bsine) _4- o o o < ' , gs

(1-n2) l5,b'
and inserting the value of AQ, scattered field becomes,

ES • J__i___lL e"Jkor 2aA' 2 ,
qrc

oo

v _,n cosna . ,. .
L J o . 1 (.1+ cosnn) . .

n=°° TT ~72V—~~ o (5-7)(1- £ )2 h^ (k rQ) (1- n2 )

It is seen that the scattered field has non-zero value

only for even values of n(n=0,2,4...) including n = 0.

Prom Eqs.(5,2), (5.4) and (5,7), the E -plane pattern of

the corrugated E -plane sectoral horn excited in balanced

HE-., mode in the presence of a dielectric sphere of radius
b' in front of its aperture is obtained as,t.t

sfl(e) =EJ(6) +Bf(e)
e

— 3ul 2 3 cosna
7ir qn^ n=-°°

o

(1~-)2H(2>(k r )q n 00'

[.« . ko2( _C_ )b2 Jo(kobsine) il^_f___ 3(5.8)
(1-n2)
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and taking the real part of e^ne, the _-.(») finally becomes,

~JKr t
Ee(G)-_-_ £_| - j» cosnao 1

7127 qTt2 n=-<» n ~ (0\ i(1__)2 Hf) (k r )
a n o o'q n oo

* 2(e -1)[ cosne + ________ t)2 j (k bsine) (1+cosn7t)
2 oo' j

(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 a. ,rQ,b and er in Eq. (5.9), and the results
are shown in Pig. 5.2,

5.2.2 DESIGN ASPECTS OP THE CORRUGATED E-PLANE
SECTORAL HORN

Assuming that a balanced „_-., hybrid mode exists
inside the horn, the corrugation depth to support such
a HE.., mode is given by,

h = ? • (5.10)
. „ 2

where 2n

k <_ (JL)2
a7
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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 _3.rt mode
10

at an operating frequency fQ - 8.8 GHz, the value of
corrugation depth is found to be

h = 1.3 cm

For the realization of an impedance boundary from

a corrugated surface, which is essential 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,

-~ > *> (5.11)
w+t

where,
t - the corrugation thickness

and . w = the corrugation width.

Por the typical sectoral horn, it is taken

t = w - 0.15 cm so that

___ _ hi > 10 (5.12)
w+t 0.3 «»•«*.

Por the phase error over sectoral horn aperture

to be minimum ( maximum allowable phase error is 45°) the

H -plane aperture dimension of the horn b has to keep

the relation with X as,
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—-- < 2 7
Xo - ? (4.13)

The horn flare angle is designed using relation

ao = cos"'-if- where Lis the axial length and r the
o o

flare length of the horn. Now choosing kr - 18, the flare
angle and H -plane aperture dimension of the horn
respectively are found to be

a0 •15°, and bQ •5.2 cm

The corrugated B -plane sectoral horn was fabricated
as per the above design specifications. Corrugations were
introduced only after acertain distance (* 1.5 cm) from
the horn throat so as to obtain alow input VSWR.

5.2.3 EXPERIMENTAL RESULTS

Experiments were performed with paraffin wax

(_r =2.25) spheres of diameter 9cm, 6cm and 4cm placed
off-set in front of the sectoral horn of the above mentioned
specifications excited in the balanced __„ mode at an
operating frequency of 8.64 GHz. The sphere off-set

positions were determined experimentally for minimum input
VSWR performance [85] ,and the optimum off-set positions
were found to lie between 1.1 cm and 1.4 cm from the horn

aperture for the 3 sphere Bizes tested. Theoretical results
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of the E -plane radiation pattern based on Eq. (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 Pig. 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 = 41253/6^6- ,

where Q^ 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 plotted 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. Dielectric sphere loading results

in reducing the sidelobe levels. The system also has

reduced-3 dB beamwidth, and low input VSWR together with

a 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 communication.

5.3 A CORRUGATED CONICAL HORN WITH A DIELECTRIC

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 to the

aperture-sphere separation, and amultiple beam possibility
depending on the diameters of the off-set spheres in
front of the horn aperture.

5.3.1 THEORETICAL FORMULATION

The device under consideration is shown in Fig.5.6.
A homogeneous dielectric sphere of radius '*?, and
permittivity ^ is 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 vector

potentials Aand Feach having asingle component only
such that A-irA„ and f=1^. By Eqs. (3#25) m
scalar potential functions A_ and F„ are given by

Ar = ar_A(kor) Jm(1G> exP (3¥)
(5.14)

Pr =\nK(kov) Jm(^ exP Cj*#)
where,

Bn^kor^ =s°lution to the modified (spherical)
Bessel's equation

and - = lfn(n+1) ,and is obtained from the
characteristic equation[94] J^ (qeQ) -0, %being the
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DIELECTRIC
SPHERE
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CORRUGATION WIDTH . W =076 cm

FIG. 5.6_DIELECTRIC SPHERE MOUNTED
CORRUGATED CONICAL HORN
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flare angle of the cone ( (__l) for HE modes and (m+1)
for EH modes). In Eq. (5.14) mis an integer, and n is

real and positive corresponding to ordinal root of the

characteristic equation as designated by the mode number.

Substitution of Ar and Fr in Eqs. (3.4) will give
interior horn field components EQ and E^; and are given,
under balanced conditions, by

a u 1/2

E0 =- i Jffi (^)V2 Sn(V)Jffl(q6) exp^)

The transverse electric field over horn aperture may be

obtained by Eq. (3.3); and under balanced condition (i.e.

E and H are related by l/H =H0 , the free space

characteristic impedance) the transverse electric field

Et over corrugated conical horn aperture for HE mode

excitation is given by,

a n 1/2
E. - - JSS ( _£)

r 5^ Bn<V} WtfXVty),** (5.16)

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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placed slightly displaced from the horn aperture will

be similar to that of E,.

Accordingly, restricting the consideration to

m=1, the proper form of the potential functions for the

e.m. wares incident on the sphere mounted in front of the

horn aperture may be obtained in the same way [52] as

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

a£ = _E aa _n(kor)J1 (cl©) oo80

• 00 y.

Pr =r)02 an W)J1((le) Sinj*
n=i

where a = j~n (2n+1)
n(n+1)

^
o

(5.17)

Bn^kor)= Jn^k0r) for r < b , b being the radius of
the sphere

A(2), v=H^ (_Qr) for r > b, i.e. in the far- zone.

Considering dielectric sphere as a scatterer, the

corresponding potential functions for the scattered field

becomes,
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CO / .

Ar " *, \K}M J1^e) cos<*
(5.18)

F„ =T)0E onH^; (kr) j/qe) sinjZf

where b„ and c„ are the coefficients for the potentials

of the scattered field, and can be determined from the

boundary conditions of tangential E and H being continuous

at r = b, the radius of the dielectric sphere. As

mentioned in Sec. 3.2.2 the constants can be obtained as,

b -
n

1T«1 fr_<V>Sn(k1*> +^n(kob)5n(k1b>

A At t (5J9)-Ts1^n(kob)jn(k1a) . i/-eo$l(kob)jY^(k1b)
c„ ='n " j — a_

fe^^V^Oc-b) - fe0H^2),(kob)jn(k1a)

where kQ =_>fj7-~~~

k, =0.1/ ~
1 Vo e1

and the prime indicates differentiation with respect to r,

Based on the scattering superposition technique

[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 Eqs.(5.17) and (5.18) potential

functions for the total radiated field at any point in
the far-zone are given by

jj-oo* JT (__+*_) ^2)Ckor) ^(qe)
(5.20)

F+ - .osin0 ^ (an+cn) fi_2> (^r)^ (q9)

Note that in Eqs. (5.20) the function _ (k r) is taken
n 0

a (2)
^n (kor '̂ the sPherical Hankel function representing
the outward travelling waves, to account for the field

at the far-zone.

As shown in Appendix F-1, the resultant expression

for the far-zone field is derived as,

~Jkor
-(r)'-"« V-%El S (»n *5Pn> (5.21)

where' _ -Mqe) „_ ,. % _
M - —i c°s. 1 - qj (qe)sinjZfi^

sine ° ' -

»\ - Ji Cq.e)H = qJ1(qe) cos0 i L Sin0 L,
' y sine -

c

0-1 + -_
n an

b

^n = 1 + a2 » and iQ &nd %* are unit-vectors.

as
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Radiation patterns may be computed using Eq.(5.21) by

knowing values of ccn and Bn from Eqs. (5.19) for typical

values of b and ty Results thus obtained are presented
in Fig. 5.7a.

5.3.2 AXIAL GAIN OF THE SYSTEM

The total power W 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 W. is obtained as

Wt

where

(an + P_> 1 ] (5.22)

t - rwr _______ xt s-\2
sinede

An explicit expression for W^ is obtained by an approximate
evaluation of the above integral with the assumption

sine ^e (This assumption is a source of error for W ,

but as the integral term is added to the other two terms

in Eq. (5.22) to get the total power ¥ ,the percentage

of error in Wt is very small). Accordingly, by Appendix F-2,
W, becomes,
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W. =*=^°* _1 K?C'?(*°l2'A -(B'̂ ,
2 „2C«a -n) iffii |j2(_) +,2^) I ] (5>23)

An expression for on-axis gain of the system is obtained

by
r/n ns _ 4-n P(0,0) , *G(0,0) = . ^L_L_i where P o,0) = 4__

w. ' _tt:2% *R

Using Eqs. (5.21) and (5.23) the gain is derived in

Appendix F-3 as,

n=1 ^ n

G(0,0) =

J J?(q„) [2arPn-(a2 +B2)]+_^2(a2 +32).

max

(5.24)

• [J0(q-rt) + J^q-re) ]

The axial gain based on Eq.(5.2 ) has been evaluated

for the HE^ mode using typical values an* the results

are shown in Fig. 5.3

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

ao = 50°' h = °'85 cm» w = °'76 cm, t= 0.254 cm 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 HE^ 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

Eq. (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 baser' on Eq. (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 Eq. (5.24). In Fig.5.8b the
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THEORITICAL FOR 4cm SPHERE

EXPERIMENTAL .OR 4 cm SPHERE

THEORITICAL FOR 6cm SPHERE

EXPERIMENTAL FOR 6cm SPHERE

100

FIG5.7a_RADIATION PATTERN (THEORITICAL AND EXPERIMENTAL)
OF SPHERE LOADED CORRUGATED CONICAL HORN

CORRUGATED CONE ALONE

CORRUGATED CONE WITH 4cm
SPHERE

CORRUGATED CONE WITH 6cm
SPHERE

CORRUGATED CONE WITH 9cm
SPHERE

100

FIG.5.7b-RADIATION PATTERN ( EXPERIMENTAL) OF DIELECTRIC
SPHERE LOADED CORRUGATED CONICAL HORN
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reduction in-3 dB beamwidch due to sphere mounting is

depicted.

From the results presented it is observed that

i) the off-set dielectric sphere mounted corrugated

conical horn carrying HB-1 hybrid mode has greater

pattern directivity with low sidelobes.

ii) 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.



CHAPTER VI

DIELECTRIC LOADED SECTORAL HORNS

6.1 INTRODUCTION

Electromagnetic sectoral horns are commonly used

as gain standards and as convenient sources 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 conventional sectoral

horns with perfectly conducting walls and rectangular

aperture have certain limitations due to diffraction 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

radioastronomy need physically small primary feeds 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 sidelobes. In

this chapter, results of investigations into the radiation

behaviour of two alternative dielectric loaded sectoral

horn feeds that will have the additional advantage of ease

of construction and light weight are presented. First
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the E -plane sectoral horn with a suitable dielectric

loading on the E -plane walls is discussed. Analytical
results established in reasonable agreement with experiments
show that radiation 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
placed in front of the horn aperture were found to be

effective in reducing the sidelobe levels and the-3 dB

beamwidths significantly. Another horn feed investigated
is a dielectric loaded H -plane sectoral horn with a

cylindrical aperture. Dielectric 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 [7l]

The radiation properties of E -plane sectoral

horn with dielectric loaded E-plane walls are discussed

here. The analytical formulation of the radiation

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 fouad to be ln reaBonable agreeraent
with experimental values. Results shew arentable
inerease in the pattern directivity at the east of asligh
inerease m the sidelobe level. Investigation are made to
reduce the sidelobes by paraffin wax dielectric spheres
Placed in front of, but displaced from.the aperture of the
dielectric loaded horn. Dielectric sphere loading is found
to improve the patterns of this horn with reduced sidelobe
levels and -3 d3 team widths. The feed system can be used
as a highly directive low noise feed with a variable
beamwidth facility for paraboloidal reflector antennas.

6.2.1 THEORY 01 OPERATION

The test horn is shown in Pig.6.1. The narrow
walls (E -plane walls) of the E-plane sectoral horn are
layered with adielectric material of angular thickness.
To satisfy the boundary oonaitlons> .. _ mode .̂ ^
both Er and Hr) propagation should exist both in the horn
axial region and inside the dielectric coated region. TE
_des will have both Eand Hcomponents in the direction"
of propagation (radial direction). The radial hybrid mode
field components of the eystem can then be derived from
an electric vector potential 5 having asingle component
in the x-direction such that f.^ * .The proper form
of the potential function if in relatlrin . ._^^
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o<0 =19°, ^=17°, R*6-7cm , bQ =5-8 cm ? b, =5.2 cm
a =2.5cm & : 3mm

FIG.6-1 -DIELECTRIC COATED E-PLANE

SECTORAL HORN

_

•a

O

UJ

Ul

EXPERIMENTAL,EM PTY HORN

EXPERIMENTAL-DIELECTRIC
COATED HORN *

A ooooo THEORETICAL, DIELECTRIC
COATED HORN

80 90

e

FIG. 6. 2 .RADIATION PATTERN FOR DIELECTRIC
COATED E-PLANE SECTORAL HORN
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is kiven bys

11^ - cos T x cos PG Bp (krr) (6>1)

where D and n are integers, P is positive and real

denoting the eigen value of the particular mode designated
by m and n,

kr V* " ( ran )' (6.2)r v ~0
a

with k = 2tx/

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

The different field components inside dielectric

coated region and in the horn axial region for H_mn mode
are determined by substituting' ljfTE • in the appropriate

mn

equations [52J , and are obtained in Appendix G-1 as,

_l_jl(-___j_ilectric coated jgeglon

Erd = FPcos T x slnP6 [ CJp(kr1r) . Dy <__.,_) J

EGd = K, o
ran i , t

r1 cos _~ XCOS-DO E0Jp(krlr) +%(kr ,*) J (6.3)

xd
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H - "^ mTC v • nin r . v « -1rd 3o0T0" ~ kr1 Sln —X C0SPe [ GJ<krir)+Dj (kr1r) ]

H6d 7377* *' T )sin ?X 3inpe[GJp(kr1r).By (kr1r) J

1 2

Hxd =J37T **1 COS ~ XC0SPe [GJp(kr1 r )+%(kr1r)]

In the horn axial region

E_ = I p cos i2|xsinpe H(2)(k r)r0 r * w"" a
P

r

Ee - I kr cos £_xCospG H^2)' (krr) (6.4)
•p a

El, " 0
xo

n E _ mTC mn . (2) ,
e_ 7~T~rp T Sln — xsinPe Hn (k r;o 3 u. . 0

Hx " "T~^7T kr cos ^xcosp6 H^2) (k i
o D LO - o r a pvr

where 0, D and _ are constants that depend on the horn

excitation,

v _ /_ _ 2 _•/ — .2r/«rko "(22 > (6.5)

er being the relative permittivity of the dielectric
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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.

E A = E
rd ro

at 9 = a,, and r < r , the flare
i — o

Hrd = Hro length of the horn,

ii) Eed - 0 at 6 = a , and r < r .

Applying the above boundary conditions, it is seen in

Appendix G-2, that the characteristic equation for p

can be obtained as,

t, t

!

(2) b1Jp<3H)yp(x2)-Jp(^)yp(x1) kr1 HP ( kr ^t— )

Jp(x1)yp(x2)-Jp(x2)yp(x1) r H(2)'(k ___ )
P r 2sina

b1where x. = k A !—
1 r1 2sina,

1
t

b

2 r1 2sina
o

1
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In above expressions for ^ and x_, b' - _' -26'
denotes the transverse distance (along y-direction )
corresponding to any distance r <rQ at the angular
location e-C1 , b* , the transverse distance
corresponding to any radial distance r<rn at the
angular location e • a and *' +h_ jh_i»•, ana o _ the dielectric coating

thickness at that distance for which r<rn

(It may be noted that b^r' -b^ and b^/2_' =si
where -• represents any distance r<rn, the horn fli
length; and at r-vq, ^ -bn and bj =b, and 6* -6,
the respective quantities at the aperture).

This characteristic equation for the H_mn mode is
solved graphically f0r the eigen value P 0f any hybrid
mode by substituting typical values of _,, x2; kp and k1
(kr and kr1 can be obtained from Eqs. (6.2) and (6.5) )
in Eq. (6.6). The eigen value Pfor HE-1 mode for the
test system was found to be ^ 0.5.

6.2.2 RADIATION PROM THE DIELECTRIC LOADED HORN

When the radiating aperture is a horn aperture,
the phase of the field in the aperture is not constant,
but varie, with position in the aperture. Prom the nature
of the aperture, when the flare angle „o <20°, quadratic
field phase variation [44J of the form

ncc
o

.are
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rh 3 _ y
fy - e T""^* (6-7>

(Ag -2u/kr and R-the horn axial length)
is areasonable approximation. The radiated far-field fr
the dielectric-loaded horn can then be obtained by the
aperture field method based on the vector diffraction

formula. For this, the transverse electric field E. over
the horn apertue is given by,

*t= rA +yv (6.8)

In obtaining a simplified expression for E. ,the follow!**
approximations are used

y e ye

(These approximations are true if ao is not large i.e.ao<30°)
Thus Et has only asingle component Ey (since Ex -0in
this case), and is given, by Eqs. (6.4) and (6.7), as

-i n v2
Et -P.kr cos ~ xcospe H^ (krR) e Xg R (6.9)

•om

By the vector diffraction formula [44],[66], the radiated
far-field in the E -plane ( 0 = %/2) is given by,

E (Q) 3k k "^kor jk ysine.
-nr~ (1+ j-. cns6) _^_ yy E .e

(6.10)
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i.e.

/ s JK k _;jkorV6> " JT^Tc; "Be) *___ ^nf> (koR).
a/2 V2 "3 7. / .

T r _„„ m^ T ~TT Dk ysmG-a/27 -b j2 C°S ~ XC0SP6 e >* ^ e ° dxdy
Eor the flare angle 10 < aQ < 30°, it can be assumed that

9 y
2a. ^ "T" ' and Wlth this approximation,

1 U1

jk k •jk r

V9> " -&• 0+_-_6e) (2)PH^; (k R) .
r P o

a/2 b./2
/ cos 22 x dx f

-a/2' cos P

-bj/2

2a.

y

• . V

"J 7— B- jk ysine ,
\ir R ._ n dy„ .e

It is shown in Appendix G-3 that EG for HE_ mode can be
derived as,

-jk r

Ee(6)»_'k £_L (1+ r

mn

a

_r cose) rr ' ra/^" ^n ™ .
o irm ~_

(0(v3)-C(v.) -j[S(v3)-S(v4)]j
where,

(")^N /

N

E* • DP Hp(2) (krR)

1 _-AgR ( 2Pai .2® n_5T~- i y Slne )e T

(6.11)
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V1V vi r ~-"1 * m 2Pai 22J- (2 [y^= il/vr c^ ♦£-*■•)]V

1 r bi
V2 L7=== i ^ AKR <—L ~ r- sine) ]

>»•

The radiation pattern based on Eq (6.11) has

been computed for the typical values of the test horn

for HE11 mode excitation, and the results are presented
in Pig. 6.2.

6.2.3 THE AXIAL GAIN OP THE HORN

The total power P. transmitted through the aperture
of the horn can be obtained as,

Pt - \ Re [fj (st xH*)ds J

- Re [ // EQ H„ dx dy ] ,and from

Eqs. (6.4), Pt becomes,

P+ =1 P'2k 3 a/2 b-/2
2 — S' cos2 2__ dx / cos2 P2h"*o -/2 a _^ -^ydy,

and can be derived by Appendix G-4 as,

P . 1 '2, 3 ab1 , 2Pai + sin2Pa,
t 8 P kr — ( — —- ) (f, ^2\r o_u 2Pa ; (6.12)

^o "1
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The on-axis gain (axial gain)is, defined as,

G(0,0) - J
o

2Efi 4rcr
1max ^7 (6'1^

Using Eqs. (6.11) and (6.12), it is seen in Appendix G-4,
that the on-axis gain can be obtained as,

32aRA2 <.♦*_. )2 2pai
G(0,0) - _..-___..,______£

m'

where

' v

as,

27ib1 ^ (2Pai +sin2pai )

[ ^(vo1.-°<vo2>J 2+tS(vo1)-S(vo2)]2|(6.l4)

o1 j ^ b
vJ "If 2 [y^_i=_ +fXX ( 2pai

Ag_ __.

The on-axis gain for the dominant HB^ mode is obtained

32aR \2 (1+ A_ )2
8 ^g 2P a

g(o,o) = r"TT *T0 1— ** b1 Xo (2P1a1+Bln2P1a1)

( [C(vo1)-G^o2) ]2 ♦ [s(vo1)-S(vp2) ]2 j (6.15)
where ^ =the value of Pfor the HB^ mode, and hence
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o1 \ + b
1= 1 r 1 „ 2P,n

7tb1

The gain based on Eq. (6.15) has been computed, and the
result is shown in Pig.6.5.

6.2.4 DIELECTRIC SPHERE MOUNTED DIELECTRIC COATED
E -PLANE SECTORAL HORN [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 to increase the directivity of the horn further,
the technique, of placing dielectric spheres in front of,
but displaced from,the aperture of the dielectric loaded
E -plane sectoral horn was utilised. The radiation

characteristics of the feed system (Pig. 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. Accordingly, following
the method due to Bakefi and Parnel[9] the approximate
expressions for the far-field components of the feed system
can be obtained, with assumed azimuthal symmetry, as
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I

a_Off-set dielectric sphere in front of
coated horn aperture

IMAGE SPACE

AA _ AN ARBITRARY PLANE IN FRONT OF THE
HORN APERTURE

B B - AN EQUIVALENT PLANE THROUGH THE
CENTRE OF THE SPHERE

b_ Equivalent optical system for Fig.6-3 a

FIG-6.3 .DIELECTRIC SPHERE LOADED DIELECTRIC
COATED E-PLANE SECTORAL HORN
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-jk r

_e(e) -j(k0 ,2 ^ir4- r uJfc_)J0Ctl>.sine).
0 0 0 0

-jk v(_-)
o

e (6.16)

for vertical plane, and

-jk r

U0(e) =j(kot)2_.__ T%f (_ )j(kb^sine).
1 0 0 '

-jk v(o)
e °

O^V (6.17)

for horizontal plane,

where uj(o-) and uf(o) 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 locatic

that is slightly displace, from the horn aperture is 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 E -field E. (*£_) oVGr the horn aperture given
by Eq. (6.9). On this assumption the radiation patterns
are evaluated, and are presented in Pig. 6.3b.

6.2.5 EXPERIMENTAL RESULTS AND COMPARISON WITH
THEORY

In order to evaluate the performance of the

dielectric loaded E-plane sectoral horn; and to establish

.on
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the va]idity of equations derived, experiments were carried

out with a horn of the specifications detailed in Pig. 6.1.

The narrow (E-plane) walls of the horn were loaded with

bakelite ($_ = 3.55) for an angular thickness of 2°(a1=l7°,
6 = 3mm). Observations were made for the horn excited in the

HE^ 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 ( e = 2.25 )

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 lie 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 Pig.6.4aand in Fig.6.4b the theoretical

pattern based on Eq.(6.1 6) is established in good

agreement with experimental results on pattern measurements.

In Fig. 6.5a is depicted the gain ( experimental ) of the

system as a function of the off-set placed dielectric
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sphere diameter in wave length. The gain level based on

Eq. (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 dielectric

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.

6.3 DIELECTRIC LOADED H-PLANE SECTORAL 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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COATED E-PLANE SECTORAL
HORN

WITH 6 cm SPHERE

WITH 9 cm SPHERE

80 9 0

FIG.6.4a_RADIATION PATTERN FOR DIELECTRIC
SPHERE LOADED DIELECTRIC COATED

E-PLANE SECTORAL HORN

EXPERIMENTAL FOR 6 cm
SPHERE

THEORETICAL FOR 6 cm

SPHERE

80 90

FlG.6.4b_RADIATION PATTERNS (DIELECTRIC
SPHERE LOADED DIELECTRIC COATED

E-PLANE SECTORAL HORN)
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FIG.6-5a.GAIN VS SPHERE DIAMETER FOR SPHERE
LOADED DIELECTRIC COATED E-PLANE
SECTORAL HORN
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DIELECTRIC COATED E-PLANE SECTORAL HORN
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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 patterns. The characteristic
equation for the propagation phase constant k_, and the
on-axis gain of the antenna device are also included. The

performance of this antenna has been evaluated experimentally
to establish good agreement with theoretical results. It
is found that the dielectric loaded H -plane sectoral horn
with cylindrical aperture has radiation patterns with
significantly increased directivity, and reduced sidelobe
levels that are otherwise raised with dielectric coated
conventional horns. The improved radiation patterns of

this sectoral horn ensure its applicability as adesirable
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 dielectri
material of permittivity ^. Hybrid modes (having both

E and Hcomponents in the direction of propagation) are to
exist, in order to satisfy the boundary conditions. TE

to 9modes will have both Ep and Hp components, and such
hybrid mode fields can be given by an electric vector

potential _ having a single component in the 6 -direction
such that . - ief .The proper forms of* for the horn

axial and dielectric loaded regions respectively are
given by

•}0 -An coskyoy cospe H^ (k,r)

ljJd -Bn cos kyd( |-y) cospe H^2^(krr)
(6.18)

where pis positive and real, and A_ and Bn are mode
coefficients to be determined from the boundary conditions.

The subscripts «0« and >d< refer to the air (horn axial

region) and the dielectric layered regions respectively.
In selecting ^ and ^, it is anticipated that the r and

6 variations in both the regions must be the same

(designated by p). TheV in each region mast, of course,
satisfy the separation relationships,

2 2 2 p
r + kyo = ko -'«*>0«0

2 2 2 2
kr +V * V -^ ^o£1

(6.19)
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Different field components of the hybrid mode in the

dielectric coated region are obtained as

Erd "Bnkydsinkyd (f-y) cospeH^2)(krr)

V ="Bnkrcoskyd (I-y) G0SPe Hp2) tK*)

E6d = °
Pk B (9\1

pd =" TIot0 C°Skyd( *"y) Sinp9 V (V}
kdB° (6'20)

v= "p fzitosinv (f -*>bi«*°s2)<v>
, 2 2

1 ~PHed = "TIoTo Bn cos V( i -y)cospeH^2)(krr)

The corresponding field components in axial

region of the horn are obtained as

\ =~V An sin kyo^ C0SPe Hp2)(krr)

1" krAn cos kvoy C0SPe H (k r)yo r*n WWkJ JVy0

E - 0
bo

H - - Pkr /2x«

r

0 "— An coskyoy sinPe Hp (V) (6-21
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pk

Hyo = jyv~An sin vy C0SpQ Hp2)(krr)
o

1 2 O

Heo : JI3™7 (ko "P ) An coskyoycosp0H^2)(krr)
P

where the primes indicate differentiation with
respect to r

The eigen values can be determined from the
boundary condition

Erd = Eyd =°at e=+ccQ, the half flare angle of
the horn, i.e. cospao -0; P-n^ (n _1,3,5,...)

2a

For the dominant H_11 mode, P becomes

p = —_L_
2a (6.22)

o

To evaluate the constants A_ and _n, and the mode
propagation constant kp ,continuity of tangential E-and

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

Accordingly

X' Er0 "Erd at y =§ _s (sbeing the thickness of the
dielectric layer)

gives,

VAn Sinkyo< ! "•) " Bnkydsinkyds (6.23)
ii) Hr0 = Hrd 1 and

He0 = Hed at y = f - s give
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\00S kyo ( I"s )"Bncc-s kyds (6.24)

Prom Eqs. (6.23) and (6.24) it is obtained as,

kyo tan ky0 <|-b) --kydtan kyds (6.25)

But both kyQ and kyd are functions of kr by Eqs. (6.19).
So the above equation [Eqs. (6.25)] is a transcendental

equation for determining possible k^s (mode propagation
constants). Once kr is evaluated, k and k .are given

by Eq. (6.19), and the ratio A-/_n may be obtained either
from Eq. (6.23) or from Eq. (6.24).

An explicit relationship between k and k - can be

obtained by considering the case of thin layer of dielectric

coating with low permittivity dielectric material. In such

case, kQ is not very different from k,, (-oO^/ g g— ) j
and kyo and kyd should be small. If this is so, then
Eq. (6.25) can be approximated by

kyo (f-s) =-kyd2s (6.26)

With this explicit relationship between k and k dJ
Eqs. (6.19) can be solved simultaneously for k and k

yo r

for given values of frequency ( oru)). Note that when k
y°

is realt kyd is imaginary and vice versa.

An explicit solution for kyo can be obtained by
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usingEqs. (6.19) and (6.26), and is derived as, (see
Appendix H-1)

kyo2 ='ko2 (er-D^ (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] } and accordingly the radiation

pattern in the H -plane ( 0=0 ) for the dielectric loaded

horn under study is given by,

„ (a\ • e ° ,* kr - 3k Rcos(6 -e),E0(e) - D- „ (1+ r cosQ) ^| 0 s 'ds
^o1" o s *

-jk r
. e M. *-* dn r^2 an _ Jk RCOs(e -0).

k° -a/2 V t
0

dy R deo (6.28)
o S

Where E. - the transverse electric field over the horn

aperture ^ iyEy since E0 ^ E_ =0 over the horn
aperture and R = the horn axial length (for small angle
horn, the horn flare length r0 *R). 9s is indicated
in Fig. 6.6.
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It is shown in Appendix H-2 that the radiation pattern

in the H -plane (0 = 0 ) for the horn under study when

excited in the dominant H_11 mode is derived as,

~^kor k sink a
E0(6) =jEl ^—-~ (1 .-^- cosG)RYyo72R _

Ao o

yo

3-^- e ,
2a,

|o{Vl)-o(v2)- j[.(v^-SCv,,)]]"3 ^e 2a,

where E^ = A-jk H

2a

(2)*

(k R) e
r '

}(kR + 5 -__
O 4 R

4a,

(6.29)

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

integrals,

AO

Ul = (ao-e-t7r)Y^'

u9 = ( -a -
^ o

v., = ( a^ -(

v2 = (-a -9 . --__ ) f2R/
4V X(

Xo N,,— _
7—> V2R/T4a R 'Ac

o

4a R A

Xo

( p _ ___— has "been u
2a0 sed for HB-- mode)
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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. 6.7 b .

6.3.5' AXIAL GAIN OF THE HORN

The total power P. transmitted through the

cylindrical aperture of the horn is obtained as

h a/2 a0 _ 2

" ? -a/2 -I if dyRdGs (6.30)
For HE^ mode of excitation P. is derived (see Appendix
H-3) as,

0 yo

^2 i\fla + sink a )
- -—— R a —Z_— PAWyo 'Ar]0 o ^7^ (6-32)

H(2)'
where E2 =A^ | (lyO _ | ^ |

0

The on-axis gain associated with the radiating horn is
defined as

G(0,0) - J
2tj

0

47ir2
Ey\ p.

'max x

Using Eqs. (6.2 9) and (6.32) it is seen in Appendix H-3

that the gain for the H_11 mode is derived as,
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R = 18cm

FIG.6.6-GEOMETRYOF DIELECTRiC LOADED SECTORAL HORN WITH
CYLINDRICAL APFRTMPP
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i-

16* (1+ _£)2 sin2k §

where

aoAokyo (kyoa+Binkyoa)

( 7
| [G(vo1)-C(vo2)]2 .[ S(vo1)-S(vo2)]2|(6.33)

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 RADIATION.FROM A WIDE FLARE ANGLE DIELECTRIC
LOiiDED H-PLANE SECTORAL HORN

The radiation formula 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 aQ < 20°. Thus the above

referred radiation pattern expression is not accurate for

wide flare horns with aQ > 30° .Analysis of the radiation
from such wide flare horns ( aQ > 30° )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[52j , 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 = E (R,9,y)
y y for -| <y<| and

Ee ( V=VR'e'y) -°o - e-%
(6.34)

E , E = 0 every where else.

Expression 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

E (n,w) -I / de / dy E (R,e,y)e_3ne e"W
j _tc o -oo y

n - <6-35)
Vn,w) =o2 /M / dy Efi(R,e,y)e-^nG e"^
° _1XO —oo O

The inverse transformation is
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1 I QEy(R,e,y) -21 _ e^ne / 1 (n,w) e^ dw
n=— °° — oo *

(6.36)

1 QEe(RfB,y) -2I £ e^ne / Efi(n,w) e^
n=-oo ©

O^y
dw

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 [ Eqs.(6.34)] may be expressed in terms of vector

potentials A = iQAe, and F = IF .The proper forms

of AQ and FQ for the Fourier expansion [52,p.247]

n=— o° — oo 1X ll •&-_, w

, (6.37)

n=— oo _ oo x •"-_ "

(2)In Eqs. (6.37) H^ ;(x) is chosen to represent the outward

travelling waves, and the 9 - and y - functions are so

chosen that the field will be of the same form as in

Eqs. (6.36).

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

-3_ r

o r-*°o
•f Ho2) C* tj__7 >•*" *—.23 -'
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and

H(2)/ n -A-T(2) / \
nQ ix; > ^ H U), for the far-zone region

X -» oo w

k^ and FQ can also be expressed as,

-__ r

t °im on+1 f>)
n=-oo n

„ O oo

F„ = e , y -jne .n+1 , .e ^r^ E e o g_(w)
Ttr n _ _oo n

(6.38)

where _n(w) and gn(w) are the mode coefficients and can
be determined from the known aperture fields, f (w) and

gn(w) can be determined by calculating the fields E and
Eqs.(6.34)j using the relationships,

E- -x/x F- ju3^o A+-J . xq (kj.a)
(6.59)

H=\7XA - jo-e-l' + I V (V.F)
du> ^o

It is seen in Appendix H-4 that f (w) and g (w) are
obtained as,

f (w) = 3W £°E« (n'W)
(k02V)e^Hr r-7^2)

( ) _____ °
v ko2_w^ h<l_; (R fT-2—2)
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Here __(n,w) and EQ(n,w) are the cylindrical transforms of
the aperture field components Ey and EQ respectively,
and w - -k„ - -kosinGsin0 (6#41)

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 =0 )w - 0, and by Eq. (6.21),

Ey(R,G,y) =-krAn coskyoycospe H^2)(k_ R) • (6.42)

and by Eq. (6.40)

In(w) • 0 and

E (n,w)
gn(w) - —i' (6.43)

koHn }(koR)
The required radiation pattern in the H-plane is obtained

by using the formula [52, p -133 ]

ye) =- _k0Fe ' (6.44)

It is seen in Appendix H-4 that, using Eqs. (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 HB11 mode can be derived as,
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-Jk r ?,, sink a
yfl) .__L *L_ - .n ejne

where

and

cosna „
o 1

~~~~7~- ~ h)i;— (6-45)
(1 -% ) Hn (koR)

ix/2a
o

P

2a
o

n

Knowing all the quantities involved, Eq.(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.

6.3.5 EXPERIMENTAL 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 a =22° and

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 (e - 7.1) sheets; and experiments
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were carried out with the horn excited in the _ mode
at an operating frequency of 9.64 SHz. AnalyticaiTresults
of the H-plane pattern of the device based on Bo. (6.29)
and Eq. (6.45) are compared with the experimental results
in Jig. 6.7b (Patterns for circular apertured hern and
conventional horn with rectangular aperture are also
included for comparison). Reasonable agreement was noticed
between calculated andmeasured patterns. The agreement
is more close with calculations based on Eq. (6.29) Bl-e
the experimental horn was of % -22°. Excellent agreement
with results based on Eq. (6.45) would be noticed with
test horns of a > 30°

o •* •

In Pig. 6.7 athe E-plane pattern of the dielectric
ooated horn with circular aperture is depicted together
with these for circular apertured and rectangular apertured
horns without dielectric loading. It is obvious that the
Pattern directivity of the dielectric coated horn has
significantly increased, and the sidelobe level, though
slightly higher than that with circular apertured horn,
is reduced considerably as compared with that available 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 »)
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and the experimental value of gain are found approximately
equal being 30.5 and 31 respectively.

From the results presented, it may be concluded

that dielectric loaded H -plane sectoral horns with

cylindrical apertees have patterns with significantly
increased directivity and reduced probable 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 desirable

improved primary feed for parabolic reflector antennas or
as an effective and convenient high directivity source
of microwave radiation.

6.4 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 -plane
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

investigate, to establish that sphere loading resulted
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1B reducing sidelobe levels as well as narrowing the
main beam. The H -plane sectoral horn with acylindrical
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 has 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 cylindrical aperture heave been established in good
agreement with experimental results.



CHAPTER VII

DIELECTRIC LOADED MULTIMODE HORNS

7.1 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 multimode horn antennas

are considered. A multimode dielectric loaded rectangular

horn antenna operating in two orthogonal TE10+TE/TM12
and TEQ1+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 oversized 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 its
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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 suitable 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

multimode horn antennas have been evaluated experimentally

and have been established in good agreement with theoretical
results.

7.2 MULTIMODE DIELECTRIC LOADED RECTANGULAR
HORN ANTENNA

A high gain multimode dielectric coated rectangular

horn antenna operating in two orthogonal TE10+TE/TM12 and
TE01,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 a 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
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distribution the radiation patterns will also have 1

sidelobes. The wanted higher order modes are generated
by asymmetric step discontinuity in an oversized waveguid
The radiation characteristics together with the on-axi

gain of the antenna are derived from an electric vector

potential by the aperture field method based on the vect

diffraction formula. Analytical results are shown to b

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 rectangular
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 performance of .he antenna has
been found satisfactory over a broad bandwidth.

7.2.1 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
Cr. The desired higher order modes will be generated by
the symmetric step discontinuity in the oversized square
waveguide.

_ow

e

:or
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Hybrid modes are to exist to satisfy the boundary

conditions; and the T_x hybrid modes [52] propagating

in the Z -direction can be derived from an electric vector

potential F such that F = I f. The proper forms of
__

the potential function $ for the air and dielectric

coated regions inside the horn respectively are given by,

TlrT1Bx ~iK*
7 = C cosa x cos =2 y e z

o o h J

TE -jk _
* x - D cosa ( f -x) cos ^y e z
*d 2 b J

where aQ and ad satisfy the relationships

( nn s2 n 2 2 2
D ZOO

C nrc x2 2 2 .2
b z d _ o

(7.1)

(7.2)

The subscripts <o' and «d« indicate the air and dielectric

coated regions respectively; 0 and D are the coefficients

of the potential functions, and Tar 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

( a/h - 1, i.e. the first flare section of the double-flare
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section of the double-flare horn has a square cross-section)

for the propagation of the dominant TE1Q mode only. The

different non-vanishing field components for the dominant

TE1Q mode in the horn axial and dielectric coated regions

are obtained (by Appendix 1-1) as :

In the horn axial region

Byo = 3°kz cosa0x e

H_n = —~—k a sina x e z
ZO U) n Z 0 0

C 2 -jk z
HTfn = ;—~"~ k_ cosa e zxo J^P0 z °

In the dielectric coated region

V =3Dkz cosad( | -cc) e -*

Hzd " - 7^77™ Vd sin«d ( f ~x> e Z

D 2 a ~3k z
Hxd = yr^;—k* Gosad(2 -x)e z

The characteristic equation relating a and a,
~* o d

can be obtained by matching the tangential components of

the fields at the air-dielectric interface i.e. at
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x _ + - -s . where s is the thickness of the dielectric

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

equation can be derived as,

ao tanao (f ~s) = ~ad tan ad s (7.5)

But the Eqs. (7.2) both a and ad are functions of k ;so

the above equation is a transcendental equation for

determining the possible value of k_. Assuming the same

propagation constant kg for both the regions, an explicit

solution for aQ can be derived for the case of dielectric

slabs with low permittivity, and is obtained (Appendix 1-1)

as,

a 2 _ _ 2,_ 4% 2s
o *0_V1> & (7.6)

It is known that higher order modes will be

excixed 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 TEQ2 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

(A/B =1.5) to permit the propagation of TE12 and TM12 higher
order modes only. Thus only TE12 and TH, 2 modes need be

considered to be excited by the dominant TE1Q mode incident

on the symmetric step discontinuity. Assuming that the
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transverse E -field at the discontinuity plane is the
same as the TE1Q incident field which has a single y -
component given by Eqs. (7.3) as

-jk z -<Jk_z
Evo ~ 3 Ck cosa x e z =s cosa e

j J 2 0 ^00 (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 _§., 2and TM12
higher order modes can propagate along the oversized

waveguide, the transverse E -field E° over the radiating

aperture of the oversized waveguide for TE., ^ incident
i >

field at the step discontinuity can be written as

-B (cosaox +0y cosaQX cos ^ y) (7.8)

where E is a constant that depends on the horn excitation

and its aperture dimensions, Gy is the amplitude of the
mode conversion factor ( a complex amplitude ratio of

higher orrter mode to dominant mode) and B is the aperture
dimensions of the oversized waveguide (the terms e^2*
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and e^^-'^fy) is omitted where (2„ -^ )is the phase

difference between the TE1Q and TE/TM12 modes with^ as

the phase of the mode conversion factor)

7.2.2 RADIATION FROM MULTIMODE DIELECTRIC LOALED

HORN

As the transverse E -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 consideration, the proper phase variation

of the aperture field appears to be a quadratic phase

variation of the form [44, p -127] given by

*M 'I <I" tI') (7-9)
where R is the axial length of the horn.

Knowing the aperture field the radiated far field is

derived on the bale of the vector diffraction formula [44],

[66],and as seen in Appendix 1-2, the radiated far-field

component in the E -plane (0 - %/2) is obtained as,
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~JKT k n ^Op 2
Ve) =1i— * d-^cose) eD^Ra° '

[oCu^-C^H [SCu^-SCug)^ F* ♦Oy_p] (7.10)

4 -_____. 2 • 2„
where T 3 *;—Rk sin 6 ,„.„ 4* o | ct^-C^) -* [8<n >_($)]}!_ = e

Fi - mJoCt^-o^)- 3[s(Vl)-s(v2) ]}•+

N|c(v3)-C(v4) - j [S(v3)-S(v4) ]}

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

w -4.2
0(w) - / cos ( 22.) dt

o 2

w ,2S(w) -_/ sin ( *|_) dt

U1 \ _ 1 r VTo^ _____vu2 ; f2 [ __ aQ _ y-j-j ]

/ . \ _ 1 r in:—&— k sine _ ,
I d ) " V"2 LYx° -2—- ♦ B . J

XT

BJ|V(|i|o Sine):
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(VA - „ [

and

v

3 \ - 1 r B
\ v V [Tx^--Y7^r (i"! sine)]\v4/ v- v A0* « _ A0

The quantities E and C in Eq.(7.10) can be determined by

following the method of mode conversion in a rectangular

waveguide by a step discontinuity [51]and is seen in

Appendix 1-2 that the quantities can be derived, in terms

of the guide dimensions, as

E = E -
b o

(a a' + sina a' )
o

ob 7~* —— (7.11)
(aQA + sina A )

and r, . b
2simi -

C " B
y —b— (7.12)

n B

where Eq denotes the constant that depends on the dominant

mode excitation (TE1Q mode) of the horn,

a' - a - 2s

and A' = A - 2s

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 E -plane radiation
pattern of the test horn. The pattern in the H-plane (0=0)
could also be derived in the same manner and the final

expression is given in Appendix 1-2.

7.2.3 ON-AXIS GAIN OF THE MULTIMODE DIELECTRIC
LOADED HORN

The total power P. passing through the horn aperture
is determined by,

Pt = 2 //Et Ht dxdy (7.13)
s

But from Eqs. (7.3) , (7.7) and (7.8)

ttO . Z _/ PlTHt - Z^ (cOSaoX +Gy °°saoxcos £3 y )

K K
= z' oOuo (7.14)

It is seen in Appendix 1-3 that P. can be obtained as

2 (a0A' + sina a')
(7.15)

o *

The on-axis gain of the test horn is given by

0(0,0) . i_l__L (7>16)
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1 d-
where P(0,0) = — |E | r

n0 y max
(7.17)

Using Eqs.(7.10) and (7.15), the on-axis gain is derived in

Appendix 1-3 as,

where

G(0,0) =

4na k R2( 1+ _£ )2
0 0 iC

0

k (a a' + sina A )
z o o

[o(u.)-o(u2)J + [sCu^-sCug) ]:

2 + C'

Uo(^)]2+[s(^)]:

.1-^.
B

T2>,oR

+ Gy v[c(^)-o(vo2)]2+[s(vo1)-s(vo2) ]2

(7.18)~

/ v „\

U^[-^- -i Y~X^~ Jvv 9j T2
\ o2/ ^A0R
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7.2.4 DESIGN CONSIDERATION OF THE DOUBLE -FLaRE

MULTIMODE DIELECTRIC LOADED HORN

The multimode horn chosen is a double- flare horn

shown in Fig.7.1. The first flare section has a square
cross-section for the propagation of TE1Q mode only. The
second flare section ends at a rectangular aperture whose

dimensions may be determined by the requirement for the

propagation of TE/TM-|2 higher order modes.

The wanted higher order modes are generated at the

step discontinuity in the oversized square guide in which

odd modes (mode number m+n is an odd number) above the

TE/TM12 and TE/TM^ 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 proportional 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 efficiently shape the beam.
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This phase slip can be adjusted to acertain degree by
adjusting the length of both the oversized guide section

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 TE1Q and
TE/TM12 modest10-12), and between -^ aM ^^ ^^

a. w(01-21) . . .
/~^f} t which are given by

A. 10"12) -__- (10-12) .A0? <10-12) +A0„ (10-12)
+ contribution from discontinuity.

A/01'21) =^(01-21) +A^ (01-21 >+^<01-21) +
+ contribution from discontinuity,

where subscripts {^ and^2 denote contributions from
different horn sections. The phase of each mode 0mn can be
calculated by

fn _ __ r6 (z) d, . 2*

_ 2
r i_ ° rv __• \2 / n n2~i 1/2

(7.9)
Where pmn =Phase constant of TE^t or TM_n) mode

K^mn

Using Eqs. (7.19)> ^o, ^f ^ for -^ aM TE/TMi2 ^^
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can be determined- It is noted that rf2 _ <A\2 = n
*~o M »

since TE/TM12 modes are excited only at the discontinuity
junction in the oversized waveguide. Thus,

AJZ. °-12>_A,£0-12) +A ^10-12) +A0I(1O-12)
(7.20)

=A0l° +JL±0}° +A_0(1O-12)
<-0 <-| x.2

This phase difference A0(1°"12) is kept as small as
possible to enable the wanted higher order modes to

efficiently shape the beam. As per these considerations

and the consideration for the propagation of only dominant
mode in the first flare section, and for the propagation
of TE/TM12 higher order modes in the oversized waveguide,
the double-flare horn was designed to have the following
specifications

-0 - 3.06 cm

^-6.1 cm

t, = 12 cm

The first flare section 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 a flare-angle
of 3 degrees, and the second flare section (i.e. the oversized
guide) with a flare-angle of 6 degrees and of rectangular
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cross section. The aperture dimensions of the oversized

waveguide were, a - 6 cm and 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. 7.2.4 (see

Fig. 7.1). The E -plane walls of the horn were loaded with

3 mm thick polyethylene (^ = 2.3) sheets. Experiments were
carried out with the horn excited with _&,- 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. 7.2b respectively together with those for multimode

horn of the same dimensions without dielectric loading. It
is noted that the pattern directivity has increased

significantly, but at the cost of a slight deterioration

(particularly in the E -plane pattern )in the sidelobe
level. But, eventhough there is a little increase in the

sidelobe level as compared to that for the multimode horn

without dielectric coating, the sidelobe level is well

below that of empty and dielectric loaded conventional horns

of the same dimensions. The validity of the expression for

the radiation pattern [Sq.(7.10)] is upheld, by establishing
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the theoretical results in good agreement with «.s 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 (g =2.25)
spheres 0f diameter 4cm, i cm and 9cm placed in front of,
but displaced from, the aperture of the dielectric coated '
multimode horn for the minimum input YSWR performance[85]
The sphere off-set positions were determined experimentally
[68], [69] ana the positions were found to lie between 1.6 cm
to 2.2 cm from the horn aperture for the 3sphere sizes tested
with YSWR values of 1.4-1. 1.3 and 1.1 for the respeotive
spheres. The spheres wore held in position by cotton
tapes that did not interfere with the microwave radiation.
The results of the pattern measurements are presented in
Pig. 7.2a and Pig. 7.2b togethe„ -th those ^ ^.^

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
multimode horn with significantly reduced sidelobe levels,
and increased directivity. The dielectric sphere loading'
also increases the on-axis gain of the horn. The oain variation
of the antenna system as afunction of the dielectric sphere
diameter in wavelength is plotted in Pig. 7.4a (The gain
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level of the empty multimode horn, and that based on Eq.(7.l8)
are also included). The decrease in the-3 dB beamwidth of

the patterns due to dielectric sphere loading is depicted in
Fig. 7.4b as a function 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 Fig. 7.5a 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 beam shaping higher order modes,
the effective E -plane beanwidth is approximately equal to
the H-plane beamwidth to result in a off-axis polarization
axial rcatio near unity. The polarization axial ratio for

every 20° pattern plane was found to be less than 1.6 dB.
The variation of polarization axial ratio as a function of
frequency is shown in Fig. 7.5c For the frequency band
extending from 8 GHz to 12 GHz, the axial ratio varies

from 1.2 to 1.1; and from a practical stand point this
represents a relatively small deviation from circular

polarization.
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— MULTIMODE HORN ( WITHOUT DIELECTRIC COATING)
-- DIELECTRIC COATED MULTIMODE HORN
— 6 cm SPHERE LOADED COATED MULTIMODE HORN
'"" ?_!/%.PHERE LOADED DIELECTRIC COATED

MULTIMODE HORN

100

FIG.7.2a_E-PLANE PATTERN OF DIELECTRIC SPHERE LOADED
DILLLCTRIC COATED MULTIMODE HORN

_ ~35

MULTIMODE HORN(WITHOUT DIELECTRIC COATING)
DIELECTRIC COATED MULTIMODE HORN

4cm SPHERE LOADED COATED MULTIMODE HORN
6cm »

9 cm «•

100

FIG.7.2b_ H-PLANE PATTERN OF DIELECTRIC SPHERE LOADED
DIELECTRIC COATED MULTIMODE HORN
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From the results it has been concluded that

i) 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 sidelo.e

levels associated with dielectric loaded conventional
horns.

ii) The radiation characteristics of dielectric coated
multimode horn antennas can _e improved further with
significantly reduced sidelobe levels, greater
directivity and increased on-axis gain with off-set

Placed dielectric spheres in front of the horn aperture.
iii) Asthemultimode dielectric coated horn is seen to

radiate circularly polarized elliptical beam (the

elliptical cross section beam is a direct result of

the rectangular shaped aperture) with good off-axis
polarization axial ratio, the antenna system with
dielectric sphere loading will offer a desirable

antenna device with greater directivity and low
sidelobe levels for applications in satellite

communication 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 also offers a variable

beamwidth facility.

7.3 BEAM SHAPING HYBRID MODE DIELECTRIC

LOADED HORN

In thia section a highly directive, variable beam

hybrid mode dielectric loaded rectangular horn that utilises

the technique of combining several higher order 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.

7.3.1 HYBRID MODE HORN WITH SYMMETRICAL DIELECTRIC

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[5 2]such that .-if,

where 1 is the unit vector in the y -direction. The proper

forms of the potential function l|r for the horn axial region

and the dielectric loaded region respectively are given by

^o =°n COSCCo y C0S _T x e Z

[| -y) cos ^x e z

(n = 1,3,5,..)

where Cn and Ln are constants. The separation parameter

equations in the two regions are

d -•__ c0i.ud i - -y; cos -j-"
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FIG. 7.6_C0-0RD,^ DiELECTR|C LOADED

0.889cm

JL

FIG. 7.7_THE HORN THROAT STRUCTURE
Ar 7.62 cm f B =3.81 cm < a r 2.286 cm,
b =1.016cm, c =0.635cm< d .0.448cm
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2 . nn N2 ,2 ,2
o A z o

(7,22)
2 , n„ v2 ,2 ,2/ ,2%ad + ( -_- ) + kz -^ (- erko )

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 f in the appropriate

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

nn ~ik9z
\o = JCn \ cosaoycos --• x e

f Cn coSao y 8in f x e
•m _ ni1 _ __~~ »-.*_ nTC^ «. * z

syo = 0 (7.23)

nrc . n- ~3k„z
J-^o sin a0y sin i^H _ _____ -fao sin any sin ^ x e *

xo 3u) ^0

G k a -ik zE _ _i___° sina C0S «- e 3 zzo j^^o oJ A

H - °n ,, 2 2, nix ~i\z
yo . (k -a ) cosa y cos -y x e

jLO(i0 00 0 A

Similar field components can be derived for the dielectric

coated region by using l)Jd in the field relations, and are
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obtained as,

B ., nn ~iKzE„- = i D k cosa. ( £ -_0 _.o __. o J z'xd = 3 Dnkz cosad ( £ -y) co s Tx e

"P -n n71 / B \ nir »KZzd " " Dn X°osad ( _ ~y^ sin ^ x e z

yd (7,24)

H = ~ 1 -n r, n% / B \ irrr ~3k„zH*d jo377o Dn ad x Slmd( I -ar) sin xx e
D k a

Lzd =" .-"I,2 -sina, (§ -y) cos i? xe"V
JoJUn a 2 A

-iL___> «4n- , _ _„<> __ nn -Jk.z
joop0

V =3-^r--(k12-ad2)cosad^)cos £f x•"*-•

A transcendental equation relating to a and a

is obtained by matching the tangential E - and H - field

components at the air-dielectric interface (i.e. at y =- -s)
and is given by 2

aQ tanao (|-.) --,. tanads (-.25)

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

propagation constant k0 for both the regions, an explicit

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

% - - K2 <*r "1). ^-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

formula[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

_s - c 1 + r >sti (7.27)

where E,, • the incident field in the aperture

;3 Gnkz cosaQy cos ^- x enn "^V (7.28)
X xo

and Hs = -(1 - r ) Hti (7.29)

where = the reflection coefficient given by the

approximate formula
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Now the radiation patterns in the E -plane and H -plane

respectively, by the vector diffraction formula [ 44,PP -147-148]

are given by

-jV k -i_r
6 2/\o r *0 1+p

jk y sine
// Exs e ° dxs dyg

-^k_r k

VS) =it ^ (C0S6 +% ^
o o 1 +

jk x sine
' o sff E . e ° b dx dy

JJ xs s Js

(7.30)

It is seen in Appendix J-2 that, by inserting

Eqs. (7.27) and (7.28) in Eqs. (7.30) the respective radiated

far-fields are derived as,
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~JKr k

1 nn r v _o o 1+p
->-r cose)sin — .

2

k„sine cos (a - )sin(k - sine)
o ° 2 ° 2

"R T.'-a sin(a - )cos(k £ sine)
o o 2 02

(7~.31)

•"i__ t*

Ve) " 2o„k„(n f ) f v^(oose +_ —- >si» Is •
'V) o 1 + 2

.' n n

A _. Bcos(kQ - sine) sina -•

ao [(kosine)2-( ^)2]
(7.32)

(Expression for EQ(e) and E (0) show that for non_zero

radiation fields., n = 1,3,5....)

where _' = B -2 s , a 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 Eqs. (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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patterns.

The on-axis gain of the horn:

The total power radiated from the horn aperture

is given by

Pt " {M[// C*b * H* ) ds ]

1 Bh A/2
- ^Re[ / f E H dx dy j (7.33)

2 -BV2 "A/2 xs ys j

From Eqs. (7.23) and (7.29)

H = - (1- I ) Hys ' ' yo

°" - 2 2, nn v p\%•Zo ~ao )cosaoycosx-(1- ) -_5_ (k^-ao^)cosaoycosiH x e
l° (7.34)

Thus from Eqs. (7.27), (7.28) and (7.34)

Ss - (1+ r ) ^^kz (7 „.H ' — (7.35)
yS (1- r ) (k 2-a 2)

o o

Inserting the values of E from Eqs. (7.27) and (7.28),

and H from Eq.(7.35) in Eq.(7.33), the total power
ys

radiated by the horn (Appendix J-3) is obtained as,
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t 8 n „ _' ____k(1+ - >2
o 0

(a b'+ sina B*)
o

a0

The on-axis gain of the horn is defined as

(7.36)

0(0,0) - i^_4_°_£) where P(0,0) - -- |E |2 r2Pt 2n0' max'

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

64k k A(1 .-£ 1~T )2,„ n .
0 z k0 T7F (1 +T ) . 2 B

0 l+ sinm £\
^ o 9 JG(0,0) - — :° 2_ (7.37)

^n/\Q(1-r )(ko -a^) ao(aoB'.sinaoB')

Substitution of the quantities in Eq-. (7.37) enables the

evaluation of the on-axis gain. The gain due 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 P. depends on the square of
the modal amplitude c ( see _qX7.36) )

The gain for the dominant HEL. mode becomes

6«czV (1+̂ ^l>2(1+r)-n2aQ f
G(0,0) -— "—— (7<38)

"X0Cl-r )(k0-"02)ao(aoB' tsinaoB')
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The value of the gain computed on the basis of Eqs.(7.37)

has been found in satisfactory agreement with the experimental

results.

7.3.2 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

tk n nn "3kzZ-0 = Gn cosaQ x cos — y e
(7.39)

frd - Dn cosa- xcos^ye z

with n - 1,3,5

As in Sec 7.3.2, the separation parameter equation in the

two regions are

% ♦ ( _ )2 + k 2 = k
(7.40)

%2M = )2 2 2 2

The different field components in the two regions may be

determined by using lij } and ljrd given by Eqs. (7.39), in

the same manner as in Sec. 7.3.1, and are given for the

respective regions by
%
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Exo = lAn\ cosa0x cos T YS Z

nn

Ezo = " ao Gn sinao x cos ~ y e
'"Jk„z

E = 0
yo

Cn . nn _,_ _ _ nn ^V (7.41)
H„_ = cc — sina x sin — yeXo j„ji0 ° B o p J

h Cn z nn _ . nn "^V
"•™ . — cosa x sin —ye

20 uO |i 0 B ° b

h n r _ 2 ( n7i; >2 1 nn ~*^kzzHvn t-t— L k - ( ~— ) cosa xcos — ye B
yo D^u-o ° B

and

A „n nn
y

-;Jk z

E_ - Va slnao ( f -x) oos f ye"z

V = 0

H^ =7S7 a« (¥> sin V f"x)sin f ye"3kzZ (7-*2>

Exd • 5Dn _°°sad (f " - =os f ya"3***

n z / nn -, , A x . nn ^kzz
z<i " Up" ( ~ ) C08ad( 2 "X) Sin "i y 6

tt - 1 r -i 2 ( nn \2 , , a n nn ~^k. z
V - (jT3H7[ ki "( "b } ] cosao( _ "x) cos 7_ y e
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Here also the transcendental equation and the

explicit solution for aQ are obtained by the same procedure

used in Sec. 7.3.1, and are given respectively by

and

ao tan a0 (| ~s) =-ad tanads

a 2 =- _ 2(e -1) £_
o o vtr ' \

(7.43)

(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,

k « r ~JK?
E.(e) - 2G k m_ - "i-1 —w- .i— v €
6 n n

and

E0(e)

B ^T7-r' 7?"sln^-

sin(aQ ^ ) cos(kn | sine)

= 2c k

1

o 2

an [(k sine)2-( H )21
oo B

"jk r .

ose+^l£)(i.- (c
n* A0^ 01+r)(1+r)sin^

A A

(7.45)

aQ -(kQsine)2
cos (a & )sin(k £ .sine) knsine

o 2 o 2

ao sin(^ao f )cos(kQ 2 sine)
(7.46)
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Here also it is seen that the radiation patterns are found

to depend on the modal amplitudes Cn 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

*t - -f- ________ [k 2_(__ )2] (l±l\ B(a/.sina A«)
b (1+D ° B ; k. n zB -2-

G(0,0) =

k_T in'

64kkB(1+4 _____ )2
o z k I , r* '

0 1+P d+D
^a! (i-d

a'
) _

Jin(a^ A )

^ ko "^ H. ^ ] a (a a'+sina A*)
B oo

a0

(7.47)

(7.48)

The dependence of P. and _(0,0) on the higher order mode

are found to have the same nature as for the H -plane wall
loaded case.

s

s
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7.3.3 EVALUATION OF MODAL „MPLITTJDES OF HYBRID
MODE DIELECTRIC LOADED HORN BY MODAL
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 Fig.7.7
The horn throat is excited symmetrically by four identical

X -band waveguides carrying TE1Q 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 reflection and only outward travelling
waves exist ). The method shall be illustrated for hybrid
mode horn with dielectric loading on H -plane walls as
follows :

Consider the guide junction of Fig.7.7. it is

desired to determine the fields for z> 0 from the known

values of the tangential fields at Z_ 0under the assumption
that the guide is matched. For TE modes, let these

modes can be determined by the superposition of the mode
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potential functions given as

, oo n —3k z
I = Z C1n cosa y cos ~ x e z (7.49)

w.here a- is the value of a in Eq.(7.22) for m = 1,

n = any integer, and C-i = mode amplitude.

(In fact «- ^ £ 0mn cosany cos ^ xe z I**

here consideration is restricted to m • 1, having a dependence

of Ex on y such that E„ _ 0 only at y~ +_ 1 )

In terms of f , the tangential fields E_ for the IE, mode
x J'mn

(E =0) at Z - 0 is given by,
J

dill °° T. TT
Ex, = ~ ~ = kz Z , G1n cosany cos^x

z =0 3Z z =0 n=1
(7.50)

Now let 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 TE1Q mode and hence at the junction (_=-c.).,E
x

is the incident wave due to the TE10 wave in the smaller

waveguide , and is given by

Ex •cos ^ x , y <b
|z =0

- 0 , y > b

•z_0
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Thus by Eq. (7.50), it becomes

nC°S a X=kz ^ 01noosa1nycosHx (7.51)

It is seen in Appendix J-4 that the modal amplitude c is
n

obtained as

_8sin £c cosnn^g0-) cos |2| [sina1 n(d .e)-sina1ne]
naAk [/ n s2 , 1 ? i /-

Z C( A) " <i > ] (amB +^a1nB)
(7.52)

where the constants, A, 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.

7.3.4 COMPUTED RESULTS

Assuming that HE., 1 and HE,» are the possible

significant hybrid modes in the horn, from Eq,(7.52), the

ratio of the amplitudes of modes with n=3 to the fundamental
mode with n = 1, becomes,
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ci / 1 >2 , 1 .2 cos 3n(a+2c) cos 3na
_1_ =L_Ll—ij 2A 2T"
G11 <- 3 x2 , 1,2A a^ oosn(a+2c) cos na

2A 2A

sina13(b+d) -sin13d (a^B + sina^B)

sina11(b+d)-sina11d (a^B + sina,, B)
(7.53)

where a^ and _13 are the values of aQ for the HE1 and
HE13 modes, and are found from Eqs. (7.26) and (7.22). (in

obtaining the modal amplitude ratio, it is assumed that the

modes are having the same propagation constant k ). Inserting

the values of the throat details and a., 1 and <i for the
particular case of the horn given in Fig. 7.7 the relative

modal amplitude is found to be

°13
G 11

= °-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 Eqs. (7.31) and
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and (7.32) were computed for various ratios of modal

amplitudes C^/c^ .The results of the E -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

play a significant role in determining the beam shapes(-3 dB

beamwidths) in both the planes.

7.3.5 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. Four X -band waveguides are inserted symmetrically

into the horn throat for the specifications detailed in

Fig. 7.7. The horn was excited simultaneously by these

four X -band identical waveguides carrying TE1Q mode at a
frequency of 9.64 GHz. Theoretical patterns based cn

Eqs(7.31) and (7.32) are compared with the respective

experinental. patterns in Fig. 7.9a and Fig. 7.9b, and are

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 Eq.(7.37) and its

experimental value are found to 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

Fig. 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 concluded 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 rectangular shaped

aperture, and hence this hybrid mode horn generating an

elliptical shaped beam with a variable beamwidth ( beam

shaping) facility can be used either 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

earthrs surface. Hybrid mode dielectric loaded horns will

have more pattern directivity than the corrugated horn used
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by Manwarren and Farrar [84j . Hybrid mode dielectric

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

multimode dielectric loaded horn antennas have been

investigated. A double-flare multimode horn with dielectric

loading on its B -plane walls have been found to possess

desirable radiation characteristics with increased directivity
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 beam 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 sidexobe levels, and

narrowing the-3 dB beamwidth. The antenna that generates

elliptical shaped beam with a nearly unity polarization

axial ratio can find its applications in satellite

communication 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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importance of higher order mode 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.



CHAPTER VIII

SUMMARY OF RESULTS AND CONCLUSIONS

8.1 SUMMARY OF RESULTS

The present work provides a comprehensive study of

certain dielectric loaded improved feed systems. The

improvement of performance of conical horns with dielectric

loading is investigated in chapter III. First the effect

of placing a homogenepus dielectric sphere in front of the

aperture of a radiating wide angle conical h. rn is analysed

and results are compared with experiments to sh_>w 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 dielectric

coated horn is investigated with off-set placed dielectric

spheres at the horn aperture based on the method due to

Bakefi and Farnel [9] and is found to produce patterns

with narrow beamwidth, higher on-axis gain and 1 .w sidelobe
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levels. In the same chapter the radiation behaviour of a

conical horn with a helical boundary has also been studied using

Spherical -hybrid modes; and the technique 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

omnidirectional 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 placed 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. Accordingly 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 directivity of its radiation

patterns. The sidelobe level is satisfactorily lew, 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 ohapter VII.

A high gain dielectric loaded X -band double-flare multimode

rectangular horn antenna operating in two orthogonal

TE1Q+TE/TM12 and TE ^+TE/TM21 mode sets is found to generate

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

E - 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 E -

and H -plane patterns are established. Such antennas with

multiple beam shaping facility is important for several

space applications that require simultaneous change in the

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.

8.2 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 ( 6q < 30°) only with no phase variation of the

aperture field. A ready extension would be to consider

wideflare angle ( i.e. 8Q > 30°) 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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b_ used 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 conical
horns can be investigated with corrugated flanges.

As the elevation beamwidth of an arc or a ring
array can be narrowed by stacking several such arrays one

above the other with a proper spacing, it is worth while

to extend research on dielectric coated conical horns with
several identical slots cut on the conical surface of the

cone so that equispaced slot ring arrays are placed one

aboire the other in a conical configuration (i. e. a conical

array c_ slot rings). Tne radiation pattern of such a
conical array can be computed by means of the space factor
-ethod suggested by Govert and Yang [45] for antenna array
conformal t, surfaces of revolution from aknowledge of the
pattern for aslot on the dielectric coated cone (i e
element pattern), a.ch astudy is particularly important
in view of the need for communication through plaSma sheath
£or spacecraft 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 reflector trough and a

small reflector strip as suggested by Large [79] . The short

backfire antenna can also be tried with a dielectric loaded

rectangular 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 antenna 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)
property 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 each 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 many space applications. But it is hoped that
this investigation report together with the suggestions for
further works would prove to be aworthwhile contribution
to the class of improved microwave antennas.
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APPENDIX A

EQUATION FOR DIELECTRIC SPHERE MOUNTED CONICAL HORN

A-1 THE 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 at r = b

i-e- E+ = E- H+ , R-
^e ^e He He

at r - b.

E0= . H0 =H0
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 Eqs.(3.4),(3.6),(3.7) and

(3.8), matching EQ at r = b, it becomes,

1 « __ „1.ocos0 pVcose) [ B.J (k b).c H(2)(k b) ] .rsine u r *nwwww' L Ynv o /7inBn

1k
o

j^eQr
oos0 [ an_;(kob).bn_<2)'(kob) ] .

Ve Pn(cose)

="r^e'l0080 enPn^ose)Jn^1b) *—7"r V°^dn •

K^ ft Pn(cos0)
Equating the coefficients of P^(cose) in the above equation,
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it becomes

%CanJVkob) +cnfln2)^ob)> ^ enJn(k1b) U-1 )
and equating the coefficients of ^rP1(cose),

36 n y'

k- • — - k.,?7 [V?>0 . ♦ tnH<2)* (kob) ] . J. d_.}>,.) (A-2)
Similarly,

He = HQ at r = b gives the relation,

OST Eln0 Pn(c°se) CVVV +»__2)<*_ . 3 +rs:

1 n,

J.O ^ Sln0ko [^X^n^V^ ] f_ *__(*«©)
•n „ 1 , /\ 1 .1 k..e

sin0 p (cose)Jvi(k.b) + L_i____ sin0 J'/k bl
rsm e n n 1 j oO r „l 1 ^'

^o

feP>ose)

Equating coefficients of P^(cose) in this relation it is
obtained,

Vn(k0b) +bn^2)(kob) - dnJn(k1b) (A-3)
and equating coefficients of ~ P1(cos6)

9 e n ' *

WVn<V) +cnSn2),<V>>J ^VnJ^¥) U-4)
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k_

.-I nv 1
Multiplying Eq.(A-2) by ^(k.b) and Eq.(A-3) by II J^fe, b)

it becomes,

k_
1 . 0'

and ,k1

k

rf^X^n^^ (A-5)

k

= if Vn(V]1n(.b) CA-6)

(A-6) - (A-5) gives

(2)'bn[-^Hr vw)-iHf) (v^^b) j

"[?T5n^)0-^)-^j;(V)Jn^1^J an
(A-7)

Multiplying Eq. (a-7) throughout by fg, g-
"1 eo

V^i^^V^b) ^e0S<2>(kob) j;<kib)

-We1 };<*,_) j^n(k1b) +y_0Jn(kob) ?n<*f>) ]an
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-fe1 Jn(kob) jn(klb) .fe/n(kob)Jn(k1b)
* ____________________ _, _ g^

n

V€1 ^2^(kob)fn(k1b)-Y-co H^)(kob)j;(k1b)
(A-8)

Similar operations on Eqs. (A-1) and (A-4) would give,

c

0 /, , \ AI , , A I

^1 Jn(k0b> Jn(k1b) +^0Jn(kob) dn(k1b)
n .a

*o fin<V>> J>ib> -^0Hn2)'(V) *n<k1b>
(A-9)

Substitution oftypical'test values of the sphere
diameter 'b' ,permittivity . and the operating

frequency fQ ln Eqs. (A-8) and (A-9) will give the values

of bn and cn respectively, in terms of an whose value is
defined by the relation.

an " -~n __|n___l
n(n+ 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

E+e " Ee +Ee

(A-10)

K0 E0 + % = r STe Fr + ' — a r
D-OS rsine ~^J~

The values of A+ and F+ are given by the
Eqs. (3.6) and (3.7) as,

1
9 F+ + 1 "VI

rsine W r 3u>eor 3r39

- r =A„ +A_ =cos0 j; H^^(^r)P^(cose)(an.bn)

(A-11)

K=̂ +Km% 3in0 jf H^)(kor)P^(cose)(an.cn)

From the above Eqs (A-10) and (A-11), the field components
are obtained as

E6 = — *_ G0S^ z K (k r)P1(cose)(a +c ) .rsme u n=i n o n ' n n

-1 OO / . t

— k cos0 E _; J (k r)(a +b ) |_p1(cose)
2^>£ v ° n=1 n ° n n ^6 nVCOfa^
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and

_+ - 1 tj0 Rint/ ~ &(2)/v „x a _10= Fn° si^ £ H* ^(kor) £- P;(cose)(ari+cn) *

1 / \ V °° A. /O V -I
— — ( -)sm0 k E Hv ' (k r)P OnqfiW. +h 1o-S rsine ° n»1 ° nlC0SUMan Dn'3> -o

Using far-field approximations (i.e. for k r »1
o

H^2)(kor) - jn+1 e d°r and | " "_ ), EQ and E^ become,
„+ _ exp(-jir) °oE0 = - tj0 cos0 — -_£__ - 3n+1

r n-1

[Pn (cose)(an.cn) . |- P^(cosG) (an+bn) J (A-12)
and .

+ exp(-ik r) ooE^ -no sin0 _______ • 2 3-.1 #
r n=1

r 3 vh _w ^ Pn(oose )[ ^ Pn(oose)^an.cn) . ns.ne—- (an+bn) ]
(A-13)

Hence the resultant field at any point in the far-zone becomes,

Vr) " Ve +X0E0
exp(-jk r)- -no o__ 3n+1

r n-1 n

CO

[i( 1+af} ?n(cose).(1. A- )S^»Coo_f>J cos0ie
_j/1+cn . 3 p1. . . . *> Pj. (cose)?

l(1+ a" } 3- Vcose) + (1+ i2) — sin.0i.]
n n sinfi J Pn sine

(A-14)
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E _0 exp(-jk r) „ c
\(r) - - q °- . jn+1 a [ (1+J_ ).

r n=1 " a^

{P^(cose)cos0ie - i_ P^(cose) sin0I0} +
b _1/- . n\ f d _iy . ,, Pnoose(1 a~>-1 ae Vcose)cos0le - -JL_ Bin0y j

exp(-gk r)
!)-__.___—______ j 2"' * a r a M +P N 1 f<_i c:\

n_1 n L na_i *n nJ U-15,
___ . -«n+1

r

Inserting a _ -,~n (2n+1) ,,
n n(n+T) ' resultant expression

for the far-zone field becomes,

- / s exP(-tjk r) oo (2n+1 )E_ (r) - -j - _ _ " Q v -£_____. (M a + w 8 }
R Jtlc _ S. n(n+1) lVn ynJ

(A-16)

where cn

n

an

Mn =pn(oose) cos0ie - i__ P^(oose) sin0i0
•j

ivr - 3 _1 / » ^- PM(cose)Nn - 3-ePn^ose) °os0i - ,* . sln0i
v sine 0
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A-3 POWER RADIATED AND GAIN

The total power radiated W

2 71 7t
_ i__ cy / / r (Ep X Hp) sined6d0]

0=0 e=o _.• k

Noting that for free space ER(r) =n0HR(r), by Bq.(j_-15)
W, becomes,

2 71 71

Wt = _V" r/ [ an (Vn +NA> ] si*ed6d0

where !_„, H_, an and pn are given by Eq. (3.16)

Inserting the expression for M and N ,

W. =
1

t " _ % n
2y P^(cose)-2

sine

• 2,
sm 0 .

r3 -rJ3Q Pn(cose)J cos 0 J. B^ [|^ P^(cose f sin20 .
rP^ (cose)l 2 2 |
—SET"- C0S^I+

+2a 6 j
Pn(cos6) 3_ -13 1 . o 13^-Pn(cose) [~cos 0+sin 0|i

n n l_ sine

Using the orthogonal relationships

o7 [aTpn(cose)]
-Pn(cose)

sine

_ 2

sinede =

2 (n. 1)! , .,
T2nTTr Tn^ryr n(n+1)

sin6ded0
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n p (cose) a „1,
and / •*\ \ ai-rn(cose) +

0 sine

,1
Pn(cose) a

n

-— -—- P (cose) sinede = 0
sme ae n '

the above integral for „. is determined as,

an2 n2(n+1)2
W_ -t = %* 2

n=1
(2__7T) (|an M*n D<

and replacing a^ W. becomes,

oo

i," js, (2n+1> .J8 .i_)w,

The forward directivity is defined as

D Ep(r)~R
4nr

)=ti T)0Wt

Making use if the relationship*
P^(cose)

sine
G-7I

^4-- n(n+1)

and 3 i, /^ \n
—* *-g--- n(n+1) in the expressionae xn'

e-Tifor ER(r)> ajad inSerting the value of a . D b
n ' o ecomes

D _. as!

DO

E (2n.1), .n | m s
n rn*

T, 2m-1
n-1 "T (l«n!S|PTir)
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APPENDIX B

EQUATIONS FOR DIELECTRIC COATED CONICAL HORN

B - 1 CHARACTERISTIC EQUATION FOR DIELECTRIC COATED
CONICAL HORN

The fields in the axial region of the horn are

given by the potential functions,

Ar =amnfln^(kor) Jm((^ exP«)

(B_1)
Pr =bmn9n ^k0r^ Jra^e) «P<«.

and those in the dielectric loaded region, to account for
the standing waves, are given by

Ar = I>mnJm((le) +W^ 3&£2)<V> exP(;jm0)
d (B"2)Pr = [ emnJm^G) ♦ *«_7n(_e) Jn^^r) exp(jm0)

where
b P
J__ _ _ - t, emn . T

and

mn _ . _^^
H ~ - t_ B , with « • iTu 7?"

mn 1 ° Jo v ^o /fc0

. =**0*1 . B0 - a coefficient depending on

the horn excitation , _ - an integer and n is real and
positive.



-238-

The eigen values 'n' can be obtained from the

characteristic equation formulated on the boundary conditions
viz.,

1• the tangential component of E - 0 at 6 = 6
o

i.e. Ed - _J ( 32 +k2. .d . +n
J*e„ 7r^~ 1} Ar "° at e=e(

J (q6 )
Thus d = - c - -_ °

mn 'mn , — (B-3)

2. the E -field is continuous at 6 - 8-

Thus Er =Edr at e-B1

J^£±1L- _f> (kr) J(qejmn

'O

__-__ +1 ) r / v _

""Tlirr2" [Va<qei')4*---r»(qe1)3ftn (k1r)

§_2)(^r) (b-4)

3. the H -field is continuous at 0- e1.
Thus , _ d

H0 ~ H0
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i-e. amn a(2) , . •

2
r

jmk b ,n.i
+ _______ ran ft (2)/_-o ^r si_e~-H n <V)jnM>

{ «[ __M> ♦ _J>»f>J H<2 .kir)]+

+ 3mk1 "(2)'
jZ^rsine Hn <k1r) [ VJm(«81 >+ _r_ . i) 1

How inserting the relationships between bmn and a ,
ran an '

9mn an Gmn? fmn and dmn and also using Eq. (b-3) the above
relation becomes,

V [^(k.r) 9J^^) -f-
Im-^l/Ti J

... .. „(2)
.^77^7 ^oVn CV)Jm^el>]o ~~1

*{Jm (*,) yra(qeo)-y;(qei) J (^ )1
G f ______ J AMv

^_~> 8» (kir)

»«*!_•-*, i y_(qeo) "J
(B-5)

Using Eq. (b-3), Eq. (B-4) becomes,



A

a
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mnHn2)(k0r) JnM )

li(n2hk,r)
r(Jm^ei^m(qeo)-Jm(qeo)ym(qei)

<*. 'mn [.

mvu oy^^J

Dividing (B-5) by (b-6), and remembering the relationship

0 Ho ~ ^Pn Ir> ^ T) -, -eOpo, it becomes,

Jm<*V 3i«B0 H^2)'(kr>
q -\ _L_ n o _

J»(«e1> sin6l g<2)
n o x

- ei - Jm<<-ei>ym<^B>-y;(qe1)jm(qeo)
r [q0

Jm(qG1)ym(qeo)-Jm(qeo)yrn(qei)

0Bo H^2) (klr.)

Sin61 Sf)(klr ) 3 (B-7)

With the far-field approximation (i.e. | - -j ), and
multiplying throughout by sine the above Eq.(B-7) becomes,

^(qe^
q J^T" sinei + ^0 -

-£ [qsine, ^l^oK^)
+ B ]Jm(qe1)ym(qeo)-jm(qeo)ym(qe1) +B°

(B-8)
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Now restricting the consideration to the case with
and the excitation coefficient B„ -+1, the characteristic
equation for the _1n mode becomes,

Jm («V

97mT^ir Bin. +1=

- r rQJ'(l8l)y-(q6»)'J»' -)f. .'

Eq. (B-9) is the characteristic equation for the eigen ^
values 'n'.

This equation is solved graphically for adielectric
coating thieknese of 2° with adielectric material of
permittivity ,, . 2.25. The graphlo- „t- fl .^^
is illustrated in Eig. B-1. The eigen value nfor the
hybrid HE11 mode is obtained by obtaining the first
ordinal root of the characteristic equation. The values
thus obtained are shown in Eig. ,.« for dlfferent „-„
of the coated cone flare angle B, together with those
for conventional and corrugated conical horns.

m - 1,



E.H.S(l)

R.H.S(2)

_x, q2, and q_ correspond to the values of q for
HEll » HE12 and HEi3 raode respectively.

Fig. B-l Method of Solution of Characteristic
Equation. xu
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B-2 THE RADIATION PROM DIELECTRIC COATED CONICAL HOR

The transverse electric field £. over the horn
aperture for HE1, mode is given by

~JKr
\ - -(d)n+1 a1lT)0—.__ qJo(qe) (jfl + .^)exp .0

The radiated far-field can be aerived using the vector
^fraction formula; and thus assuming no phase variation
of E. over the horn aperture, radiated far-field at any
point (r,9,0) is given by

~^k r a -\<*,9.0) •j—---(1 +cose)o/ °f\. eikPcos0sine ^^

And inserting the value of I. for ^ mode

^Cr.e.0) - -i «_!__ (i.cose)(ie.ri0) _-* _liio
^o * j.

(B-10)

A r2% T , nN ^k??c°s0 sine m-i*./ 6/ ^0(q6)e o />d>Od0 (B 11)
_ 4. r2% Jk>:>cos0sine ,MBut / e o &0 _ 2tc J (k psine)

0 ° 0' '

Thus .3k r

^(x,*,*, _, |_A_ (1+00Be) inio 2„a .%)e* _
a

o7" Jo ( _ /°)J0(k sine/? ) dyO
s

e _-£— )



Horn Type

Conical
Horn

Dielectric
coated coni
cal horn

t
Conical horn 15.4
with helical
bounaary

Biconical ilC.4
Horn

Jain

Ln dB

U.5

Corrugated 15.8
--plane
sectoral Horn

Corrugated 13.5

.conical Horn

E-plane [13.4
sectoral Horn

Lielee trie
coated E-plane
sectoral Horn

H-plane sect- 12.1
oral horn with
cylir.derical
aperture

Multimode 12.4
Horn

Dielectric
coated Multi-
mode Horn

\

Empty Horn
1 ielectric Sphere in front of the Horn Aperture

Dielectrio Toated Horn 4 cm dia. sphere 6 cm dia. sphere 9 em dia. sphere

faeah>
width

1st side- Oain iisSwil 1!* side- Gain Be_m 1st side
lobe levels in dB width iobe level in dB width 'lobe level

Oain |B_2UT? 1st side- f Oain
in dB width lobe level , in dB

Beam 1st side-
width llobe levels

34l -12db

23°.

30° i -9.5cB
at 30°

17.5

•

11.5dB at 15o

2__!
16.4 18.1

19 22° -13.5dB at
25°

•

21 19.5° i -16 dB at 22.5 13.25

16.4 23° -11 dB at | 17 20c
at 29.5°

24.5l

-12 dB

at 29.5°

•

17.8 16l

<-20 dB

<-15 dB

30* -17 di J13.3 20° -6 dB at

34l

at 35L

-16 dB

at 55°

32° -20 dB
at 40°

38° -24 dB
, at 32°

30"

35c

-11.5dB

at 32°

-30 cB

at 55°

L_

15.8 30° -18 dB at

I 35°

16.5 I 29.5 -19.5dB at

70°
17.2 26° <-22.5dB 17.6

15 ' 27" -22 dB at 16.5 23° I -24.5 dB 19
39.5V at 39"

22.5° -20 dB

15" -23.5dB

at 31°

16.2 | 27° i -21 dB at
I 40°

:_•17 25" <-2?.5dB 17.6 22.5°| <-25dB

14.8 23c

14.7 26l

-

-10 dB at

27.5°

-26 dB at

50°

15.2 24' -31 dB atj 16

65°

TABLE - I PEBJ'ORMA«.E DETAILS OF THE VARIOUS TEST
ANTENNAS DISCUSSE1 .

22' -32 dB

at 70°
i6.e 19" -32.5dB

at 55°

I

at 68° p
J u
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-jk r

j ——— (1+cose)
2X r L

/xo

a
11 -, 2ti qao(i0.ji^) .

ksine J ( S a ) J .k a sine - * J .( 3 a )j ka sine
ol o -loo tTl ooo

_u

[ __ _ . _ __ _ 3

a

( _ ) - (ksine)'
L

Now J ( q -2, ) - J (q0 ) - 0 Since,

a

(_e - e0 « 0 at e - eo. o

Thus

(B-12)

;_ e )

-jk r
o

\(r,e,0) = _ " ^, (1+cose) -
Ao

a

— 2n qao(ie+Di0)e^

q J-1 (q0o) J0(kaQSine)
L [-TqT2- —J-]

VL ; -(k sine)
(B-13)

Dividing and multiplying Eq.(b-13) by a , ER is obtained
as, _jk r

\(r,Q,0) - j (1+cose) a-., n nqa e

J-1 ^qeo)Jo(kaosine)

(qeQ) -(koaosin6)2
(Ie+Dl0) e20

- B^i
6 0 J (k a sine)
2 _ (1 .cose) -^^° _

r (qUMk a sine)^ G #'
n 2 „ 2

where B 11 B an i0r- a % e0 Ji(qe0)

-7 (ifi+Ji^)e^
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B - 3 THE OF-AXIS GAIN

The total power radiated through a spherical c
of radius L in the cone region is given by

. = _ / / (\ x H* )
2

a„

ds.

ap

1 2tc q
- z f f1 11 2 2 2

no " q Jn (q6). L d0sined6

1

L

2 2 '2
2" t)0 an q 2tu / j (q9) sinede

0 u

o

e
1

(B-15)

This integral is evaluated by assuming that for small
angle cones, sine _• fi ~t>m _ u -u> o_iid __. a. inus p. becomes,

P = IT n^2 _ 1 p
t ^0.1 i / Jn(qe) ede

o u

2 2 ©1 p
2~ LJo ^V " J-^qe^J^qe^]

,21 ^e. K ^V +J?(qe-,)3

The on-axis gain (the .axial gain) is defined as

: 2 %T) 0 ai

G(0,0) - l_J_i__Ll 1

2
JR 4 nr

'max T) oPt
and

from Eqs.(B-l4) and (B-16), th

167T2 -2 -2
e on-axis gain bexoa_jes.

ao J,^eo)

(B-16)

0(0,0) =
2fr2U^) ^JCq^Kr^q- )]

(B-17)
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APPENDIX G

EqxjATICIBBOR CONICAL HORN WITH HELICAL BOUNDARY

C-1 CHARACTERISTIC EQUATIONS

The potential functions for modal fields inside the

horn region are given by

A" » A J (k r) J (qe) e-1^
v n nv o ' m * '

_ = B J (k r) J (q6) e^
r n nvoy mH/

(C-1)

and the corresponding potential functions for fields outside

the horn are given by,

(1-2

ith q » V n(n+1)W

The characteristic equation for the eigen values 'n' way be

formed by the application of the following boundary

conditions :

i) E (inside) « E (outside) at the horn boundary

i.e. at r = a ,6=6.
o ' o

ii) H (inside) = H (outside) at the horn boundary

iii) En = l>d = 0 at r = a , 6 = 6
8 P o o
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iv) _he functions J^O^r) and H^2^(k r) are taken in
Eqs. (c-1) and (C-2) respectively, as at the horn

radius - 0, the field is finite and at r - «>, the

field is infinite.

Modal fields inside and outside the horn regions may be

obtained by the following formulae [52]

E. a —
1 , a2

( —h— + k ) A
r j__> g 3r^ ° *

E -- 1 j!*__ + J a2
8 rsine 9 dc_c0" -a739

i 3p . a2
Ew - 1 -X. . 1 Ar
0 r ae

r

Dcoen rsin6 3r90 (C-3)
o

Hr - —-L. (J .k 2) F
_u_,-_0 3r2 o r

H - 1 S ,_L __ '^r
e rsine Y0 3o.it r ~~3r3"9

u.- i !__-♦ 1 ___
r de ju|inrsine 3r30

o

Thus from Eqs. (C-1), (c-2) and (C-3) respective fields

become,

inside the horn

Br - I_T- S^1-Vn(V)Vae) .«
0 '0
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E6 =CTsTnf^ En K <V> 'm (*) -

1 An k -
— Jn (kr)j'(qe) ] e**
lobe x n ° mu/J

E0 =[? M jAn(ko^ Jm^e) +

— J>0_) _yqe) 3•** (c-4)
n o

0-Oe\ rsine

Hr - Bn £i2_L_. J (k , ( , ^0
j. (i r a o m

'o

He = [____ J (k r) J (qp) +
rsine n ° m

1 a , ai , i j__-/
DmjZiko ^Jn(V) JJ^ J edoo _ r ° a o ' m

H0 =C- _ V fn (V) j'(qe) ♦nx n o ' m

outside the horn

Jr IZTi "-^-LGnHAW <k0r) Jm^9) e

1 jm B„k

Jn<V>J_(<-e> Je
no *«„ . . }_0

jc*i u rsine

K : —- ______ n fr<2) ,„ ^ T ,_^ _jm0
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Ee=t Tali- _S„2) V> *>> *

Du* g r n ° m

E '0 =[ ? VSn2) <kor) Jl^) .o m

^^n^n^'V) JmM]***jcog rsine

H '
r

n(n+1
" "p-3-0 pQ r^

A

,^2) (k rU (nn\ pOm0Dn Hn ' CV)Jm(qe) *

He=[""TsTnT~ JmCn«n2) V> Jffl(qe) ,

13^ DnVH?V (kor) j;(qe)]e«

H0 =[- ? °a«^2)<V5 Jm^e) +
1 jniDn ko A(2). -.-"" J _ • '•• H,r; (k r)j (q6) ] e^

ir.t U _n„o n o ' mvlioy J eju) . rsine n ° m

Now by applying boundary conditions,

r(inside) : Er(outside) at r • aQ, 6 = 6q gives

.-f"
-___
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ii) a.
"-(inside) =Hr(outside) at r = aQ e - e , gl0 ,-ves

D » B n o
n n —

Hn }<K*)

iii) By Eqs. (0-4) and (C-5) EA =0at r -

(C-7)

>e y«r -a e - en,give
0

Bn =- Vo^ ?X*> Jm^eo)
a." " ~~~ • sine•-•„ Jn(ic0a) Ja(,eo)

„_.

_--___ SC2),(y__ -M,>
m. ^_ aT2J~~ ~~—~ sine (n-q\a-eo Hn {V) Jm(qeo) o « 9)

using E,.,-(c-6),Eq.(o-9)- oomes

„ Jn(k a) ic . •§(2)',, . tDn "" \ ______ _ll_ J__ V>_ Jn(qe0)
H^2)rv _^ •> A(2^ ~~ " ""——sine_ ft a) .^ ^ .ft ., (

Similarly by Eq- (0-4)

^-0atr = a 0 _ co' e - 6q gives,iv) ^0 -0 at r =

B =-A^ko JnVo> J_(qej
A.I

^d by (c-7), (0-1,) beoome

nr^- o

(0-8)

(C-10)

(0-11)
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Dn =- V_ VVo >J>0a0 > Jm(q80)
U.g qsine £(2), ~3T~~~ , 1 ~~ " (0~12)0 ° Hn '(Vo^fVo' j;(qe0)

PromBqs. (0-10) and (0-12), it ls obtained

___! Jn (koV V.en)
-^g.qsine

0 ^ o _

i.e.

At

c a a-C? "I i t

° Hn }Vo> Jm <*0>
m^g0 ^27T~ ~~~ sineo (G~13)

° Hn ^oa0) Jm(q60)

_-_ . . ^ sln29 . \ _<Vb_) Jm(qeQ) (<J . .
,yv»)J>v » ° _•«>(__) 7^7

n c• o m 4 oy

where the prime indicates differentiation with respeot to
the argument.

This is the characteristic equation for the HE^ mode. I
Now restricting the consideration to m- 1, the
characteristic equation becomes,

^Vo^l^) a(2)'
—_____ „ 2s.n2e Vjk_?-oJJ_1__^ (C-15)

Jn(koao^i(,eo) ° ^2)(ko^l(qeo)
This characteristic equation is solved graphically as
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illustiated in Eig. B-1 for aQ -3.5 cm and fQ -9.58 GHz;
and the eigen values thus obtained for the HE^ mode$by
taking the first root of Eq. (c-15),for different horn
angles 6q are plotted in Pig„ 3,12

It can also be seen that by using Eq. (c-11) ij
Eqs. (C-4), the E-fields inside the horn may be obtained,
in terms of A only as,

inside the horn

.n

n(n+1)

2 An Jn(kor) Jm(<le> e

EQ = 3A k q Ar
e Z377-J"(Vo) Jm<^0) .

At • At , ,

t

,m0

Jn^0^Jra(^ Jn(kor) J^qe)[_ , ___£_ _j ejm0 (c_i6)
Jn(k0a0JmK> Jn<koao>J__^n>o 0 m ^ o

B0 =J^~£— Jl(k a ) jf(qe ) ,v 0. g r n 0 o7 mVH 0' "
o

2 a

-q_ Jn(kor;Jm(q9) ^ (k r)j (qe) fetf
m7(^77T~S1 °+ -£* at--2—V- Je

Jn(koao)Jm(^0) VVo)JmK>
Similarly by substituting Eqs. (c-6) oand (c-10) inEqs.(c-5)
the E-fields outside the horn, in terms of *_, become,
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outside the horn

A(2)

E^^r^%^tfaVk^)J^e,eJm0
n v o o '

. . 3 V„' „ <Vo>

*V - 2><Jc a ) ""n "W^o
n oo

[S-_______________ !^_ ^Vh>)
^v0> v.) sln» ^~o^T)]eJm0

%=̂__ ___gi §(_,' , , , (°"17'

-W'(kkKi*j .

»r'ft a )n oo

r a2 • *_*<..- j'(qe)[- •» sine n ° - 4

«n2)(k0%) Vqe0) +
A/-*1

for HE

H(2)
-2- n,i , • ' "° I _______' - imMsine S&rp-T—. • , , •-—- ] e^

!b (kor) Jm<qe)

Hn V0> j;(qe0)

0-2 RADIATED EAR FIELD PROM ACONICAL HORN WITH
HELICAL BOUNDARY

The transverse electric field over the horn aperture
„ mode excitation is obtained as,[Eq. (3.48)1

-jk r

t = D1 ~~ (J)n q Jo(q6)( T.,1.) J0Q+3i0) e"" (0_18)
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The phase variation of the .m_»ta01 tue field over the circular horn

aperture is assumed as [44, pp -134 ]

¥p= e T" l~^ Ao^ (0-19)
(1 is the axial length of the horn)

Now the radiation field at afar point (r,e,0)
may he obtained by the diffraction formula for acircular
opening [44], and thus the radiated far-field in the H-plane
<0' 0)for the horn excited in __„ mode becomes,
Vr,e) -Ĵ 1 (1+cose) //§ e^o/*W sine

2^or s 2*
-d 2L__L

•e X0 L />d/>d0

Using (0-l8)>Eq. (c-20) becomes,

-jk r -jk rVr'e) =3VV (1
2XT (1+cose>Di ~7T^Jo(^ •0 r (fsL) °

o

a.

(o-s

r° r2% JkoPcos^^ -2 n p2
0 n e Ao" L" jro^L)

-jk r
, .n+1 e °

^1_T (1+C0S9)D1 ^0(qe) .
*o

X0 L jO JyO
where r' = r+r -. k^•

r+ro' r0 being the horn flare length.

Setting y = k psine Enn (n 91 \ _0y~ __«, _qn. (C-21) ls reduced to

j 27TVk0Psine) e To IT _*_. (0-21)
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E,(r,e) - in+1 _____JL__ M+ ^l^o^)p ' ' J 3T__" U+cosg) °

where B = —
X0Lk0 Sin2(

o

2 2 f °Jo(y)^By]
k 2sin2e ° ydy

(0-22)

Carrying out the transformation as in [44, pp-110] the
integral in Eq(o-22) may be representea _ the form of
component containing the Bessel function without integral
and an integral of the same form out with ahigher order
integrand. .Repeating similar operations further it is
possible to expand the integral in aseries of Bessel
functions and finally substituting the A-function (lamda
function) for the Bessel functions, yr,e) can be obtained as,

- Ik '

a

n=1 Ao L

Replacing k by ______ i % (r,e) becomes,
Xo

'k *

n.
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V-> "^ •*„<_, •oo. I ^e °

"^ __ Q a 2 n 1
\ IT °° f K o Nn~' .2n

e Ao sk s x" ~r } -Ca cc )n«1 ^° ^^ n T '

(0-24)
where

Sk : u ao • the area of the horn aperture

§> - k a sine, a^ being theLo o bxnw' a0 DeinS ^-e radius of the conicalhorn

aperture.

n —P _ J (x) » is the Lamda function
(x/2)2 n

and L - axial length of the cone

The E-plane pattern can also be obtained in the same way
by the relation

•jk r
e °E (r,6) - j -__ (1+cose) // E.
2A0r

e

s

_kQ /Osin0 sine *"J&T
e f djOd0

(0-25)
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0-3 GAIN OE THE CONICAL HORN WITH HELICAL BOUNDARY

By Eq. (0-21), E0(r,6)
•n+1 -Jk0r'
J _^^ e

2A0-
(1+cose^ qj (q6).

a -3_ P___
f 2uJo(ko/>sine)e ^0 I" y° d/°

Therefore, since J (0) = 1 ,

E
•0

E
max 0

2TrD.q, a . .;

6=0 XorL " o' e Xo "T *

y° d/» (C-26)

Detting ~fi^- =6 , the integral in (c-26) is solved
^ o

to result as,

Diq
E

Therefore,

E
0

D.q

max

2 2

•[_ (cos f i- -1) +sin£ _o ]
^ Imax _ Ao *- -

2 2

a
2

Ao

[cos _ -£_ -1 ] + sin 2_ -___
Ao X B

/No

(0-27)

2 2

[ ( cos -2 _____ -1 )2 , sin2 TC __ ]
XoL Xo L

a2 2
- D, q (2-2cos 2 _° _ )

Xo L
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2 2 _,_2 - a 2

= 4 D1 q sin ( ' ao ) ,
1 2TF • (G"28>

The total power P. crossing a spherical cap of radius L

in the cone region is given by

1 2
Pt = 2 Re f ^ V Ht L ds ^• and from Bq. (c-18),

s

P. becomes,

P = 1 r27t r6° /-, ,2 2 2_t . _____ j j (D q ) l J (qe)d0sin6de
L 2 n

' o

_ _1_ „ 2 2 0_ ®o_ 2
•%

D1 q 2tt / J (qe) 6 d6

(sin 6;_ 6 since small angle cone)

2 2 2

' D1 q 7l8o r 2
" ~_ ™ [ Jo <ie0> +fi <_e0) ] (°-29)

Now the axial gain of the horn is defined as,

1 IEJ2 Anv2
G (0,0) • ? ' 0'max

o t

» and by Eqs.(c-28) and (c-29)

the gain becomes,
2

16 sin __

G(°'0) " — , 2X° ^ , (0-30)
eo [Jo<ieo) w^qe) ]
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APPENDIX D

EQUATIONS 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,

^d ='VM t°n Pn(cose) +DnQn(cose) J«*^

(D-1)

^o =Pnfin2)(kor) P*(co_e) e^

where ^ _<JY ^ e and k^ .u_»fl_7~
o

The E- and H - field intensities are found by
the relations,

B - -<7x _

(B-2)
1 -

H V x v x F
DcOp0

Now noting that f - ^ f, by Eq. (D-2), the different
field components are given by the relation

E =______ Jl
r rsine ™
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*0~ - ^ Ci( r ♦ )]

sn . 0

H - __-[LX+i-JL]
D*^ ^o 3e3r r 3e

H
0

1 1

H „—3 k2 $
e 3^. o

a2 j
_ ^. o rsine .690

(D-3)

Using Eqs.(D-1) in Eqs.(D-3), the different field components
in the two regions are obtained as,

In the dielectric coated region

B rd = -^T— Jn(k1r) Ln (cose) e•LU rsine n i n /
,.m0

S,0d = [ Jn(k1r) +Vn(lc.r) J Ln (cose) ^0

Eed-°

rd " 37311- i k/n(k^) ~ l£ (cose) +

+r"4<V>fe 3^ (cose)Je»
H0d

H
6d

m —7 Jn(k1r) J- L* (cose) e
ine n ' 3 6 nt>- H0 rs

1 2 A

D—. 0 1 ^(^r) L* (cose) eijm0

jm0

(D-4)
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where L^ (cose) - 0_ P* (cose) +Dn Q* (cose)

and the prime indicates differentiation with respect to r.

In the horn apex angle region

\0=__i.g(2)(V)p-(c0se) eX*
rsine n o n '

M2)
Hn (kor)E0o " =-[ _ °_ +ko _<2) (kQr) ] FnP^ (cose) eM

X =° (D-5)

H
F_ ./^N*

,i-wv>„ __. ♦r° 3- ^o

+r ^2>(V)|; _<»o.e)] .**
mF /-v -

W-J-^I-i ^2)(V)fr^n(oose) e^

Hee-]^T ." _°V> _Uo_) e**
0

D-2 CHARACTERISTIC EQUATION

The value of the separation constant n can be
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obtained from the characteristic equation derived by

applying appropriate boundary condition and by matching

the fields at 6 - 6,.

The boundary condition that _-,. - 0 at 6 = 9
. a o

gives

Qn (cose )
C ~ - L n °

Pn (°osQq)
(D-6)

Matching the fields at 6 - 6..,

(i) Er- - Ero at 6 - e1 gives

?n(V) C0-** ^ose^ +Dn Q* (cose^ 3

= Pn Hn ^kor) Pn ko*,) CD-7)

Using Eq. (D-6), Eq.(D-7) becomes,

\ ^(^r) [ P* (coseo) <£ (cose^ -P^cose^oose.) J

=Fn^2) (kor) P* (cose^ cm)

(ii) Hrd =Hro at e = e1 gives,
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*,/„ -.N 1 C[-, *>,,) +1fn(_ir)J[ Cn |_ P-(00sel)+Bn L^g fcosep ]

•»»rk,5_2),V)*iflJ[8,Ck0«)] f- P^cosep
(D-9)

Using Eq.(D-8), the above equation becomes,

\ tk, .; <v) ♦ i _*„(*,*)] .

[E>oseo> 55 _ (=°sep-^(=oseo) g- p^ (oos6p 1

(3.10)

Dividing Eq.(D-8) by _q.(D-10), it becomes,

J?°(oose0) Q™(cosep -p^oosep egCooseJ

p>°^0) J- q^(cosep-Q^(co .p^P^fcosep

t _& (*,-) ♦ i ?„<-,-)] t<2 .k r> ->«-_.)

(D-11)

The above equation is the characteristic equation for
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the ^inn 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

equation for K_1n mode becomes,

[*J (coseo) Q^cose^ -p^cose^ oleosa.) ji-P^cose^

[Pn(coSV f- ^n<oose1>-4<ooseo) |- P^Coose^^Ceoee^

0+ v fyy> )
_(k1r)

o

H^2)(kor)

*<2)'
(D-12)

Hv^ (k r)
( +k r n ° N

The characteristic equation is valid for any value of

r within the horn region i.e. for values of r < L, where

D is the flare length of the horn. The characteristic

equation for the HE., _ mode (Eq (D-12)) can be solved

graphically for typical values of 60 ,ev - and fQ ,and
the value of the separation constant for H_11 mode can
be determined by taking the first root of the above
equation.
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D-3 RADIATION FROM DIELECTRIC COATED

BICONICAL HORN

Using the vector diffraction formula, the

radiation pattern of the HE-, mode in the vertical plane

( i.e. B -plane with 0 - n/2) is given by

-3k r
jke °

E0(e) - _2 -J- (1+cose) // _t e ° °
S

3kp cos(e0-e)

where

Et~ xe Eeo + h E0

** X0 S0r
By Eq.(D-5) r=r.

since Efi - 0

ds

(D-13)

E, - E .
t o

H(2)(k r )
V 0 0

_ + k h
O V

(2)
(Vo^Pv (cos9)

where E •

and v =

a constant that depends on the horn
excitation

the separation constant for HE11 mode

(D-14)

Thus the radiation pattern in the E-plane for H&, - mode
excitation of horn becomes,
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—3-0^ 2t: +6
E (6) - jE _-_ (1+cose) / / .1

2V o -e1

_<2> (k r )
/\/o V V 0 0- 'M.i v u u -i

0

jk r cos(e -e) Q
e s r sine deo d0o

o s s 's

e~dV 2 „Y2.' ^(2)(kr)- 0EQ 2—-_• (1+cose) 2Trro2[koHf) (kQP) + V ° °)
Xor r0

+6-] 1 3k r cos(e-e)/ P>os6) e ° ° s
-e1 v s sin6sd6s (D"15)

The evaluation of the integral in the above expression

is made by the following approximations s

(i) P_(cose) is replaced by its asymptotic approximation.
s

fft_D ^\ _ _„ / 2 -__, r/„, 1\_. * . wi.e p; (cos6Q) -y/ — sin [(v+ -)6+ 2 + ^3
V7i sine 4 2

V S'

~T cos[( v+ 1 )6 +|]
TC

1/sine

--J f< \ )| !
"V sine

(D-16)
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(41)

Vsine L 2j J [ : ___ J2
23

e^e(1_ e-„2e}
r 12 _£-_- J Since 3 _ e -

2e 2"

3 e

Y- e 4 2 2-4

As a first approximation, the first term in the Binomial
Series expression is taken and hence

3 e
e 2

.sine ~ 1 re ~ (D-17)
V"2 e 4

/ 2 4
(iii) cos x _ 1 - £_ + * +

2! 4!

As a first approximation let cos x a 1 - __ So that

(6 -6) 2
cos(e -e) ~ 1 - sVB- ' -~ ' ~- (L-18)

3k P cos(6 -6) jk r -ik r (e -e)2
and e ° ° - e ° ° e ° ° —~ (D-19)



-2S7-

Inserting the above approximations

+61 1 jk r
/ P1(coseJ e ° °

jkorjkcos(es-e)
V s

-6.
de

, jk r
1 e ° ° vv/fi I-j Ip • • •

where I. - f e

"91

+6 j(v+1)6 j JL. r (6 -6)
e Ao o * s ; d6

(D-20)

/ . .-j |f p," (e _9) _ rx- (_)

and

_°_
2r

( Itl )2_ 2_ItD6 1
. IT 3 \

J

j I Ao / v+1 x2 . ,
T~ 7" * ~7~ ) 3(v+= e + r0 7x 1)6.

e v Ao

. C(_4)-C(u2) -j [ Slu^-S^) ]

U-, =[91 - 6-^ _________ ] f_7T
2rQ k ^~

u9 _ [_e, -e _ Ae (r+1)____iij
o n

2r,

Ao

la =e~G I /V*« ."'j* r0(es-9)

2r

ae

de«

(D-21)
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•j ti j n Ao t v \ 2
_ 4 -F- \ £ ) -_v£

_""_« S (^9) +
1

X
2

___ X ]
2r n

o de
a

-i 2 i 5 _° r _ ^2 _-3ve
^ " T r0

.-2 ( I )•
' TC A__

2r
- e

where

|c(v1)-0(v2) - D[S(v1)-S(v2) ]]

V1 = [ ei " e +

Vr - [ -e1

Xo V

2r n
o

___

Ao v ,

2r _ J
o

Ao

A_

(D-22)

Inserting Eqs. (D-19), (D-21) and (D-22) in Eq. (D-15),

E (6) becomes,

-jk r

E (6) - - j En -_ (1+cose) r
u ' 2 X r >

ti 2r.

where

M^0(u1)-C(u2)-ti [S(Ul)-S(u2)] ^ +

N5 C(v1)-C(v2)-. [S(v1) -S(v2) ]} (D-23)

E. - E
1 o L o v

A.. . ' H^;(k r ) ..f k h)2) (k r ) + v ° °A 3k0r
L o v oo — e]e
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3 Xo_ (y+1)
M - e 4ro % e3(v+1)6

• > 2

N = e 4ro * e *

D-4 POWER GAIN OE DIELECTRIC COATED

BICONICAL HORN

The total power 'P.' 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 HE.,
o 7 1 i

mode P. becomes,

E2
**-//--• cis

X ^o

Using Eq.(D-H) P, is given by

2

P. _ _2_ (k H(2) (k r ) + -I L_-2_. )2 .
t - o v o o r '

') o o

2tc +6

/ / [ p2 (cose) ]2 r 2 sine d6 d0 (D-24)
o -6-, v °

Now using the asymptotic approximation for P (cose)

as Pv(cos6) = -/ ^3~e -cos [ (v+ ^ )6 ♦ J ] , P^ is obtained as

Dli2) (k r )
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_(2>(kr )
P. : [(k H^; (k r ) + J_„„_Ai2 p 2

t LV o v v o oy r J hn

*3

— f '' /Aos2 [(v+ 1)6+ 5 ] r 2 d6
71 „ _c> -4-0o -e.

— S. vr e.
In 1 0 1

H(2)(k r )
where E J - E ( k Hv^ (k r ) + -X

0 0 V 0 0

V 0 0

r
o

(D-25)

Now the gain of the horn may be obtained _y the relation

4t_.2|eJ2
G=

max

n. Pt
(D-26)

Using the Eqs.(L-23) and (D-25) in Eq.(D-26), the gain

is obtained as,

2

S - * ro

2AQi
[C(uo1)-O(uo2) ] 2 + [s(uo1)-S(uo2) ]'

+ s/[0(vo1)-C(vo2)]2+[ s(vo1)-S(vo2) ]2
where,

o1\ _ r X1
u

o2/

_ [- _2___ (1+1) . e, ]L —_ _ __ 1 J
2r

n

and

/Vol\ r_Xo v
UJ 2r, «

2r
_L,

Xoo2' o

X,

(D-27)
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APPENDIX E

EVALUATION OE THE SCATTERED EIELD FOR DIELECTRIC
SPHERE LOADED CORRUGATED E-PLANE S_3_?0i___ HORN

Prom Eq. (5.5)

2

Es - ___A__r"1) , v2 ,* nne«Ee - —__ AQb / ejny sinelde! .

/27le,kobsinecos(0-0f) ...
o

But J (x) - £__, / ^e^x cos(0-0') . n0- 1 ^ , and
n 2% o "

hence E® can be written as,

s k 2(e -1^2 -
Ee = ° 4-r-~ V 2^ J0(kobsine)o/ e^'slne'de'

(E-2)
n

Let I=oJ ejn sine' _e« ,and can be evaluated as

I = ' * e _ 1 + cosnTi

1-n2 ~(1_n2r"

since sin utt - 0 for n = 0,1,2,3,

„ k 2(e -1\Thus E^ - ° br 2 2
^r~ Aob 2* Jo(kbsine). _-S2_|_ (E_3)

(1-n.)
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APPENDIX E

DERIVATION OE EXPRESSIONS EOR DIELECTRIC SPHERE LODBD
CORRUGATED CONICAL HORN

F-1 RADIATION PATTERN OE DIELECTRIC SPHERE LOADED
CORRUGATED CONICAL HORN

By Eqs. (5.20) potential functions for the total
radiated far-field are given by,

A+ _ °° ~(2)r m°°* & Hn ^kor) J1^e)(an+bn)

H'+ . „ w *(2)— n . . 1 ri(7S v _T V—^

(E-1)

r " 7osil* JJ *£> (kr) Ji(-e)(an+cn)

The radiated far-field component E+ is obtained as,

+ 1 A _. 4 a2,. +E+ - j L. p+ . 1 -A
rsine 30 r j^g r a_5_

H^2) ^kor)-•oo^tj0-L_____ an .

o

A

r Ji(qe) ' , ,«i2)(V)
j(H^)(kor)

and under far-field approximation, E+ becomes,
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E+ = _/,\n+i e ° , _ J-, (qe) ,6 W) —— rlo ancos0 [^_an . ^ (qe)Pn ]

(E-2)
with an and pn as defined in Eq.(5,21)

Similarly,

,2 +

s - 1 d _+ 1 d A*0 r— P.. + r

r 96 r 3_o_orsin6 3r60

~Dk r / • . i
„ ri^in+1 e . _ Jiwe; J-i(qe)(D) ~7~~ ^o Bin0 a [ __1_. fi + q _______ a ]

r n sine n * -j n J

(E-3)
The resultant radiated far-field E_ is given by

\(r) - iQEe , i^ ; and by Eqs. (E-2) and (E-3),

$»(p) becomes,

V»)-r<J>-*1 ^- a UJ1(q6) ,_ ,i— cos0ie-qJl (q6)sin0i^aneosj
sine

t ' / n -« Ji(q0)+ j qJ1 (q6)cos0i - ' • ,I i 6 -__-___ Sln0 I I o
sine

-3k r
, \n+1 e

Kd) ~~_— no_I an( Mnan ♦ § ^) (p_4>

Inserting the value of a _ i""n (2n+1)
n J

n(n+1)
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-jk r

\(v) = -3 ________ 7 (2n+1) ,- - N
r n=1 n(n+1) n n Pn; ^ 5)

where

_-2

J^qe)
M= ir_rcos0ie" W^) bi_^I0

• = J;(qe)cos0ie-A__i. sin0I
w sine 0

b

• • _- » p_ - 1 + -i_a_ - 1 + -S
\ a

n

POWER RilDlATED PROM SPHERE-MOUNTED
CORRUGATED CONICAL HORN

The total Power W. radiated from the system may
oe determined by integrating total power flow across an
infinite sphere placed concentric with the diffracting
dielectric sphere. Thus W. becomes,

r • i r_ r r2lx r% 2t 2ReL0_o/e=/ r sR smede d0] (F_6)w,

where, SR = (__ X H*)

By Eq. (p-4)

W - 1 2 2^ 7i
*• 2n°an o^ o^ <* an .§pn)2 Bineded0
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W, .1 „ 2 r r*C__2 m2 , b2c 2t :: _ r)0an o' 0/ HM an +N6n +2M Na^sinededjZf

=1 n a 2 r2% r*r« 2frJi^e) 2 2^ . ? ? .
2 Vn o^ oJ CanU"~TP0B 0 +[qJ.(qe)]2 sin20i

sine -

2 crJ1 (q6) 9 p
+Pn *Hh__r] sin 0 +[ qJi (qe)j2sos20J

J,(q6) r
+2an„ "sTnT" ^Ji( -e) (cos 0 +sin20 )]sin6d6d0

Integrating w.r.t. 0,

." IW /[{t^i f+[ *;<*) ]2}(an .Pn2) +
J-,(qe) ,

4anPn "JJJ5" 1Jl(-e)] sinede

1 2 * , Ji (qe) ,
= i^o^n 0/[ \l~- + q ^(qe)]2-

c ° L sine ' J

2ji (qe) , „ t , _

sin6d6
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1 9 71 rJl(-e) t . s O 2 ?
wt - p0 *<_0/ l~^r+ qJi (q0) n*5*;>_A_«e

71 ,

- / 2J (qe) qj (qe) (a2 + |32)de+4a B•
• u • i n n nrn

-/ J1(q6)qJ1(q6)d6. J

1 2 * Ji(qe) i 2
2 ^o *an [</ [-~- +^1 ^e)] (an2+6n2)sinede

sine

nr 'Jim «-

" 2(an +^n ) 0* J1((le) dJl(qe) +4anBn J J-(qejdj^qe)

since q j- (qe) = iL j. (qe)

1 2 r ,2
2 r'op_ Ttan Cj1^e) i2anPn-(%2+Pn2)] ^a/*^2) I ]

Cm)
where,

_ J^qB) , 2
o j l ~T^T~ + - -^(qe)] sinede

sine

To get an explicit expression for W., an approximate

evaluation of the integral term is possible by assuming
sine- 6 . This assumption is a source of error for W

but as the integral term is added to the other two terms

in Eq. CM) to get the total power „t, the percentage
of error in W. is small.
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Thus with sine •& 6, I becomes,

x- r* rJi(qe) V xI21 " oj L e + q J-jCqe) J 6d6; and by using

recurrence formula for Bessel functions,

n

1 " J [ qJ0(qe) ]2ede

- __|L [J02(qe) -J-1(qe)j-(qe)]7t
* ' 6=0

_ (qe) 2 P _
—T" CJ0 (qe) +j/(q6)]

6=0

since j^(x) = -j^x)

_ (_0 2 2
— [J_ (qn) +J1 (q„) ] (p_8)

Thus, with the approximate evaluation of the integral

assuming sine « e, the expression for .. becomes,

1 °° 2 2'"t " - %• Jt, an fJl2(qn) {2aA-(an2+Pn2)t +

(«n2.n2) _f_ f*„.**>- J,2^)} ] (P-9)
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P-3 GAIN OP THE SYSTEM

The on-axis gain of the system is defined as

0(0,0) = 1
,2 2

^R ~T (or G(0 0)= 4_P(0,0) ,

\ is max at 6=0, 0 - 0 and from Eq. (p-4)
= 71

w,

-3k r
E

R 0=0
=71

1 J-](qe)n+

D [ "____- an+ *J1^nJ an~—

Now J^qe). _ _e
~5

as J (x) ' * ___ __ n )
n x- 0 n! 2 j

e - 0

sine—* e . Ji (qe)
e-o sine

e-o

qJi(qe) =^ J (qe) = q----- J (q©)
d(qe) •

- _

2

= q[Jo(q6) -J- J.(qe)]

But Jo(q6) 1 , J.(qe) q|
8-0 e-o

Therefore, E
R

6=0
0=0

=n

becomes
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\ = ... a r qn [ p a . q <1 _ __L . (qe) i ,
L qe

2 n

= 22 an ? C°n +Pn J (.10)

Using Eqs. CM) and(p-lO) , the axial gain becomes,

4 a __n=1 ^J (an + 6n)
G(0,0) - —

2 r ,2

(P-11)

J. an [ J1(q_)paA-(an +p 0+

K2.n2).^)2 &%«)♦ ,,%,)}]
Inserting the value of an the gain is _______ obtalnea

v (2n+1) , n .
n=1 n(n+1) ^ n rn.

as,

0(0,0) -

(2n+1
— (E-12)

-»1 n2(n+1)2 [J1 ^{^n-K^n2)]
(qTt)'

(an2+Pn2) K2(q«) +J12(q_)( J
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APPENDiX G

EQUATIONS EOR DIELECTRIC COATED E-PLANE SECTORAL
HORN

G-1 THE FIELDS IN DIELECTRIC COATED E-PLANE
SECTORAL HORN

The fields can be obtained from the potential
function

TE

*mn = cos~x °°spe Bp (krr)

where k = i/T~2~~rT"~—7? (G-1)
0 _.

Bp(k„r) = the solution to the Bessel's equation.

Eor dielectric coated region, as there will be

standing waves due to reflections from the air dielectric
interface, the proper form of

Bp(k„r) _ [CJp(kr1r) +Dyp(kr1r) ]

Where kr1 = .7 k 2, m )2~ (G-2)
r o v a '

Jp(kr1r;>= Bessel function of the first kind

yp(kr1r)= Vessel 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 Hp (krr), Hankel function of the second kind.

The different field components in the two regions are
rTE .

nto the following equatioobtained by substituting *™ into the following equatic

__ - -1 a H _ 1 a2!
r r ae nv ——— —xHuOpQ 3r3x

Es - 4- H = 1 ______e 3r e - izr^j^r (&-5)
e = o o !__/ ^ ur , 2N ,y H* " J_570( ^ +ko }*

Thus by Eqs. (G-1) and (G-3) and taking appropriate forms
for Bn(krr), field components in the two regions become

_n__.he diolectric coated region

Erd - r C0S :p x sinpe [CJp(kr1r)+ Dy (k^r) J

E6d =krl oos 22 xcospe [CJp(kr1r)+Dyp(kr1r) J

E - = 0
xd

(0-4)
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H : _ __!_ i v nm
3

ed " r_3H*p T Sln t" x sinpe tGJP(krir)+%(krir) 3

H = ^ v2 ran (2),xd j aJTo^n cos r x C0SPe Hp ^krir)

In the horn axial region

\0 = | Pcos 2Ex sinpe H^2)(k r)

E8o =P kr cos ~ x cospe H„(2)r(k r.

1 nut i, a mw t ,
rd " 313H-T kr1 sin "a x c°sPe [ CJ (kr1r)+Dy'(k r) ]

E =0
xo

H+ • - ____ , m i BR (2)1 ,r0 377^ Qkr ~ Sin IT* C0SPe Hp j (krr)
H+ = 1 I m_ _. mTC . (2),

9° rZ3Hf^ Sln T XSlnpG Hp (krr)

xo ~J~Ukr C°S r XC0SPe Hp ^V)

where E is a constant that depends on the excitation of

the horn. The prime oil the functions indicates differentiation
with respect to r.

(G-5)
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0-2 CHARACTERISTIC EQUATION EOR DIELECTRIC
LOADED E-PLANE SECTORAL HORN

The values of the separation constant 'p' are obtained

fro o the characteristic equation formulated on the boundary
conditions viz,

i) tangential E and H must be continuous at the air-

dielectric interface

i.e. E , = E
rd ro

at 6 = cc.

Hrd • Hro r < vq

i:L) E6d = ° at 6 = aQ, the flare angle of the empty horn-
ThusErd =Ero at 6 = aij

(a1 is the flare angle of the dielectric coated horn)
from Eqs.(G-4) and (G-5), gives

! [ GJP (k -
* r1 r) + %(kr1r>> m

P

(krr) (0-6)

for r < rQ, the flare length of the horn

and Hrd = Hro at 8~o- gives

kr1 [C ,Ip(kr1r) +Dyp(kr1r) ] = k„ E H(2)'
HP (k r)

r ' (0-7)

fc r r < r
— 0

Another boundary condition i.<3* E6d =• 0 at 6 = a
0

gives a relation between C and D
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i,e* Eed "° at 6=aQ gives

cospao [CJp(kr1r) .Dyp(kp1r) ]* 0 for r <r

i.e. either cospao =0 or [CJp(kr1r)+Dyp(kr1r) ]- 0

cospao -o gives p - J2 and is the case for empty horns.
_cc

0

To differentiate the dielectric coated case from the empty
horn case, the other relation

CJp(kr1r) +Dyp(krlr) _0 (for r <rQ)

holds good,

J'(k -r)
i.e. D --c-£— , for r <rn (G-8)

yp(kr1r) ~ o

Equations (G-6) and (G-7) are true for 9 - a- and r < r

the flare length of the horn, and Eq. (G-8) is valid at

6 - aQ and r < rQ. He-nee, to make the characteristic

equation depend on the dielectric coating specifications,

it is better to use the relation __"__ =sinc^ in Eqs. (G-6)
» 2r'

and (G-7)iand the relation % _sina in Eq.(G-8) where
t 2r' °

(see Pig.6.1) b1 =b^ - 26', corresponding to any value of

r <rQ (6 - the corresponding dielectric coating thickness ),
bQ - the distance along y -direction corresponding to 6=a

and r<vq. At r-vq, h\ =^,b* -bQ, 6* =6; the

o'
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respective quantities at the aperture . Introducing these

relationships, and the relation by Eqs.(G-8), Eqs.(G-6)

and (G-7) respectively become

b ' _'

0 fJo(kr1 d~ }K (kr1 o'-r- 2~^ x 2sine-, P r i 2sinc
i o

j'(k 1 ~— ) 7 (k —J . 1P r1 2_inao ^7PUr1 2sina1 )]

=*42)(kT TX-~ ) CQ-9)* x -sma, w '
1

and

"bn b'

tJ. -i2~;>^(_i fe)-
o

i

JP(^ _I_ >_<-1 ___> ]
0 1

k. f2.f bl
r1 F 2sma,

Dividing Eq.(G-9) by Eq.(G-.O), it becomes
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1
hn b'

0 o D1-H

^1 "h ' ' '
y*n 2__;)y;(kr1 -j^.) Vac ___)y'(k A.

i *- _sinaQ _ x '2sma P rl 2sina

-1 ,2) (. ^-
T~ ' 2 sine

r .

b'
i

b'

Hp2)'̂ r ^r -w-

-Sina

1

1

(G-11)

i.e .

y^up- y-py-p (2) t;
— r1 p r o-rrrr-2sin a_

.PH.

Jp(x1)yp(x2)- Jp(x2)yp(x2) kr H(2)'(k ^
r ' )P 2sinai '

b1 b' (042 )
• •— — _ owhere Xl - k^ • ; x~ _ k

2smai 2 ri 2sina

and the primes on the functions indicate differentiation

with respect to r. This is the characteristic equation
for HEmn mode and can-Jje solved graphically for «p« by
substituting the quantities in Eq. (G-11). kp1 and" k are
obtained from Eqs.(G-1) and (G-2) respectively for the
particular values of m and p
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0-3 THE RADIATED EAR -HELD

The radiation field from the dielectric loaded

horn can be obtained by the aperture field method

employing the vector diffraction formla. The phase of

the field over the horn aperture will not be constant,and
from the nature of the aperture, a field phase variation
of the form

2
~.U_ I

. = e Xg R , (where X - 27t/k_ and R is the
horn axial length)

is a reasonable assumption.

The radiated far-field in the E -plane (0 _ n/2)
based on the vector diffraction formula is given by

jk -Jk0r
E(e) = ._J?. e ,„ k _ 3- y sine

4ti ™ d+ / cose) // E, e ° s ds
o s b .

where E. = the transverse electric field over the horn
aperture and is given by

T.. "7* __, —• . —

t :: xx x + xy Ey • In obtaining a simplified
expression for E. the following approximations arc used.

(The approximations are true if the apex angle (2a )of
the horn is not very large)



-288-

Ey^'Ee and V- re

Thus the transverse E -field over the horn aperture from
Eqs.(p.5) becomes,

Et =Jkr cos ~[ xC0SPe Hp2) (krR) (since E_=0;R»_ )
Thus,

k k "3knr

(1+-,
o -a/2

\ =E' T~ ~— 0+/ oose) fa/200B 5". xdx .
b,/2 — -2

/ cospe e Ag R e u dy
-h.,/2

where p' _ jp H(2) (k R)
P r y

Considering that b. <R (i.e. if the flare angle is not large)

8 y 2a1

2a1 *1 b1 y
F*k k "Jknrq- k

3k ysine

* tr _ r o e

4.
-(1+ F- cose) i-i2 (G_13)

where, &/2
^ - / cos 25 x dx = 2 ____ sin 2- fo_i41' -a/2 a mtc bxn 2 le—>4j

( Ijis non zerc only f0r m= 1,3,5 )
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—"1 TE V
- %• jk ysine

__ D _e dy

o/2
2a.

/ cos(p -—L y) e Ag R
-h . /? 1-b.,/2

1/£ jp2ei -32pa. M _i7X v2- / ( .iy,„ i£l rl -lysine *E JL
-b.,/2

"TBTJ" y +e ~T>7~ y)

Vi

e AgR dy

I3 = VXKg11/2 M50(V1 )-C (v2)- . [S (V1 )-S (v2)]]
(0-15)

where,

M

1\ =

i« >^R ( 5«i +2 sine)2
" Tib

1

1 D1
- r ... . .„.„ + v~nr (2 pai 21 2- ♦ v- sine) }

1 ^o

*4 " ^Xi/2 N|0(v3)-C(v4) -j [S(v3)-S(v.) ]]
where

H - e

2pa,^>,~R ( ^Pa1 2 . qn24 /vg _. - -__ sine)
*bi Ao

(0-16)

v

V

r u1 ,-_—. , 2Pa-|

*> ^ y%pr '^ (~^' C sine) 1
Ee -*'*r ~0+| oose) .A. sin -5 _

MJjO (t, )-0 (v2 H [S(t, )-S (tj ) jU
k[o(v;)-o(- HX8(tj)-S(v4) ]] (o_i7)

i.e. -3k r
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0-4 ON-AXIS GAIN OE THE SYSTEM

The total power transmitted through the aperture
of the horn becomes.

P_ -
1t = 7Re ff E. H* d

6 A __ s

Inserting the relation e« J£. y , from Eqs. (0-5)

P. - 1p'2 a/2
t r-T— / cos2 22 x dx210 pq -a/2 a

b/2 2 P-/ cos2 2Pa1 ,
-b/2 -nB7 y ^y

= - P 2 kr sin 2pa.
8 — a b. ( 1 . — 1_)

<° ^o 1 2pttl
Now on-axis gain is defined as,

0(0,0) - 4_ -%_1 whtr_

p(0,0) - _L E 2 r2

Using Eq.(G-l7) and inserting the relation u3 a - k n
ro o r,o »

2
x 2pa.. _a_ \

GCo'0)= 7^f5 (1 +P )2
in 1^o AS (2pa>| +sin2pa-j)

[t .V01)-C(T.)]2+ IS(voi)-S(vopp]
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APPENDIX H

DERIVING __PR_SSI0NS POR DIELECTRIC LOADED H-PLANE
SECTORAL HORN WITH CYLINDRICAL APERTURE

H-1 PIELDS IN THE DIELECTRIC LOADED SMALL PLARE
H-PLANE SECTORAL HORN

f0 =An coskyoy cospe H^2)(krr)

%=Bn coskyd ( f -y) °^6 H^2)(krr)
The different field components are given by

I = -V* _

H = - jOe P + ; r— y(V'P)

H
1

2_
-_!i

r J ^_o 3r6e

(H-1

(h-2;

Acco.rdingly,

E
r -*

E
y

_ -_1
6r

H __J
y j u)p03y3 6 (H"3)

Ee - o -He =-V- ( S-t +k2,t)
B J^.0 de2

Thus, from Eqs.((H-1) and (H-2), the fielis inside the

dielectric layered region and in the hern axial region
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respectively are obtained as

Inside dielectric regjpn

Ero - Bnkyd sinkyd( I "J) oospe H^2)(k r)
P r

V =" Bnkrcoskyd ( I -y) cospe H^2;'(k r)

(H-4)

*** =" JZ3Tp;PkrBn °°*V (f -y) sinpe H^2 >'(___)

H^d= "F^VBn sinkyd( f -7) sinpe Hp(2)(krr)
(k!2 -P2)

He^ =T_57o~~ C0SV ( t "y) C0SP° Hp <V3
In the axial region

E

r° ="kyoAn s±nkyoy °°sPe Hp(2)(krr)

Ey0 ="krAnC0Sky0y C0SPe Hp(2)(krr)

e0 (H-5)
__

Hr0 =" T^ An C0Bky0^ sinpe «<2')' (k_r)
P k

V = T^ An sinky0^ oospe Hp(2)(krr)
1 ? .

He0 = JToT:o(lCo ~P ) An Coskyo^ C0SPe Hp(2)(kpr)
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where the prime indicates differentiation with respect
to r. The constants AR and B_, eigen values p and the
separation parameters kyoand kyd are all obtained from
the following boundary conditions :

i) tangential E is zero at 6 = +cq (half flare angle
of the horn) i.e. _yd _ ____ _ 0, at 6 - +%
Thus cospao - 0 , i.e. P _ *£ , (n _ 1,3,5...)

o

Eor the dominant HE. mode n -. 1, and p = n/2a .
0

11) Er^ 11 Er- at y - I -s (where s - thickness of the
dielectric coating.)

gives,

kyoVinV I "S) = -kvdBnsinkvds (H-6)yo n yd

iii) H = H
r0 ^rd

H m„ at y - ~ -s , give
?o 6a

aAncoskyo( _ "s) " Bn coskyds (H_7)

Dividing Eq.(H-6) by Eq.(H-7) it is obtained as,

kyotankyo( I "s) " ~V tankydS (H-8)

If the dielectric loading is by thin dielectric sheets
with low permittivity, kyQ and kyd are small and hence
the above Eq.<H-8) can Le written as
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V (_~s) -"kyd s (H_9)

Another set of relationships also exist between the
separation parameters as,

k 2 y k- 2 i 2 2yo Vkr = k0 =^ ^oS
o

v 2 2 2 2 (H"10)
yd + kr = k1 ='^0.-,

(It is assumed that the propagation constant k is the
same in both regions)

Thus, from Eqs. (H-9) and (H-10), an explicit expression
yofor k™ oan be obtained as

kyo2 --<CfP-i)& (h-11)

Knowing- kyQ ,possible values of kp can be obtained from
Bq. (H-10); and the ratio An/Bn can be obtained either
from Eq. (H-6) or from Eq. (H-17) by knowing the values
of kyo and kyd.

H-2 RADIATION EIELU

The aperture field method based on the vector
diffraction formula is employed for the evaluation of
radiation field. Thus the radiated far-field in the
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XZ -plane (0=0) is obtained as,

~jk r . ., _ , .
e ° K - Dk R cos(e -6)

E0(e) = j V_— (1+ ET cose) // Et e ds36 2\or -0 £ t

where E. - the transverse E -field over the horn aperture

R = the horn axial length ( Pi horn flare length for
small angle horns)

Et " lA +VV =~krAn cosk ycospe H^2),(k_R)

Since, Ex c_ E„ = 0. Thus the radiation pattern in

the H -plane for HE*., mode becomes,

""-kor k
E0(9) - -d 5__(1+ £_ cose) krAnH]<2>,(k0R)

o

«/2 a jk R cos(6 -6)
/ / coskyoyscosP6s e dysRd6s

o

(2)' e^V k
" -DAnH (k„R) £__-. (1 . g_ cose)krR

2 A r o
o

a/2 a0 jk R cos(6 -e)
-a/2 C°Skyoysdys / C0SPes e ° s d6s

0

Now a/2 2sink § (H"12)
-a/2 C°Sky dyS = W (H"15)
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and rao n Jk0Rcos(e -e)/ cospes e o s d0
o s

- A (£_!!l______!__!) e^0Boo8(e -e)
-aQ 2 J e s

But cos x = 1 - _f_ +
2!

Taking cos (e -6) ~ 1- _!____.'
2, , the above integral becomes,

/'• <_______>.,*_m-<•.*.)
-a 2 ' —b— de

o " s

• _• e'V /"0(e«9 . 8-_e, ,-*„« (e3-e)2
-a ' e —75— de

O 2 s

1 edk°R r% Jpe -jk r (es-e)2
_ / ° e s e ° -~— de

-a 2 s
o

-a 2 s

«0 3pes -3k r ( es-e}2
_,/ e ~ des can be evaluated-a * s

o

as follows
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o
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r (es-e):- jk _ -~ss e o -__ deg

3 _o p2

where

- yt:7T72R e^Pe P 4R n $nt . . . _ )A°x e (c^J-c^H [sCu^-s^)]]
Aoui= (ao-e-2| I) ^

UP = (-a„ -6 - ABrf )ra^
Similarly ?

„% -3pefl -ik R(es-e)
"2

where

. /••—• e-o •-- d9
— U f

0

j Ao £*
4R * ['o^k^Hp^H^)]

v - (a -e + -_- £ ) T/-OP/ -
1 o 2R n } V 2RA

= rz-m Ppeo/ fc« e e

_ • <-o "6 +_ |) flj^
Thus it becomes,

rao n ^k0cos(eM-e) .
J cospGs e S ^es =rxjZi *£> e^£ £2.-a

4R .

.pe {c(u1)-C(u2)-D[S(u1)-S(u2)] ]+
+e-^e( oCt^-o^H [su^-s^)]]

(H-14)
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Finally from Eqs. (H-12), (H-13) and (H-H), ^ _ obtalned as?
-jk r ,

„ e ° K sink a^ - J_ ___ (1+ _£ 00B6) __™J_ j^-^

L L J
-dpe,

+e V o(t1)-.(t2H[s(t1)^(t2)]

1 2 (H-15)
(2)' J(k R + ? __£ £where E =Ak H^' (k R) e ° * R 2

p = nn'•xr i (for HE., mode P = -_- )
o 11 2a '

o

H-3 POWER RADIATED

The total power transmitted through cylindrical
aperture may be obtained as

1 Et
pt = 7 ff — d Rde

s ^o ys s

oo

/ cos p6 de
s s

,/2 yOJ S ys

1 R i„i2 , sink„na sin2pa
5 Pn|E| (a+-^)<2v—r^) (h-16)

yo
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where

|E| = k A H^L (ir v)v n n7i/2a ^KrKJ
o

Now the on-axis gain is given by

0(0,0) =i__E^£___
Pt

where ?
P(0,0) = J— |E . | r2

2% # max

Using Eqs. (H-15) ana (H_16)i th
gain becomes

K
r ,2 2,

e(o,o) . ______!i!VU[0(-i)-c(v)^[s(vop-s(v }]i
~-—--*—_•__•____ 1

Aokyo(kyoa+sinkyna)(2qc. sin2pao }

v p = (-a . /__L. £) Vcm7
o^ o 2R ti V2R/

Xo

P

where

V _ / „ .AO P \ —___

°1 ( Q0+ 2R I } W

H-4 WIDE „_j, H0RH , DETERMNATI0N _
-TO __V_I0H OP RADIATION PATTERHS* n '

To determine the mode coefficients f („) anA
«_< .. the fielas Ey and ^ _ oaloulatea b» the ^^^^^

E="VXP - 3uiu0I+_I_v (vJ)
0

H-VXA - J„e p+ 1 v -
3u) nft



•"• Ey = -3r E6

and -a
6 ~ ^p^ +

-3 00-

+ 1 3 a9
_u.eQr ae2

1 a2A

3cJe r ae2

Using the values of AQ and Eg, as given by Eq, (6.37), in
Eq.(H-18)

Ey(r,6,y) --I ? e^n. /" ^^T^ H<2>' (rf^-T^)
J n n= - oo -°oJ o n K v k -w^;

o

~7^ -' fnWHl2)^2)]eWdw
(H-19)

and

2 2,
- t s -I (k -W ) OO
Vr,e,y) " 2i ~£—o-- - e^neCQr2

oo . .

-oo f fn(w>Hn } (rVk 2_w_-) pjwy dw (H_20)
o

Since these equations for Ey and E0 at the aperture
where r = R should be equal to the transforms given by
Eqs. (6.36) it is obtained that,

g (n,w) . -£__. f (W)H(2) (RVTT-?N
y juie R n a vk *-v/2)

, N J_ o o ygn(w)-~ . (H_21)

^l~^~7 H^)'(^r2~w2)
o n o
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and 2

f (w) - i!__P R Ee Cn^Q
n , 2 _77_7 I (H_22)(k/-w^ Hl2)(Rf7-_—_)

o n vk -w ' •
o

Inserting the value of _n(w) by Eq.(H-22) in Eq.(H-21),
gn(w) becomes

nwR E (n,w)
E (n,w) + 2

y j 2 2
k -w

g (w) = ——

n vr-2—2 '7_?—F^3; (H-25)V "W Hn }(R Y^2 )
where w =ky =- kQsine sin0

and Ey(n,w) and E" (n,w) respectively are the cylindrical '
transforms of the aperture fields E and E .

Now the required radiation pattern in the H -plane
(0 =0) is obtained by observing that in the H-plane, w-0
and that for the dielectric coated H-plane sectoral horn,

fn(w) »0 (Since by Eqs. (6.21) E0(R,e,y) =0)

Ey(R,e,y) _-krAr ooskyoy cospe H^2) (kpR) (H-24)

and E^(6) = + 3k_?_

But by Eqs. (6.38)
-3k r

. u oo „
E^ = ________ v eJne nn+1 „ ( \6 nv z e 3 g„(w)

n=- oo n
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Henoe the H-plane radlation p.^
ecomes,

~^kor
E0(e) • ♦ 3-° 6 - F e0ne .n+1 , .

But byEq.(H-23) for the B-pi
ane

g (w) = ___•">

(H-25)

n

.h„v ft)
since EQ = 0 and w = o )

and by Eqs. (6.35) and (g ^

Ey(n,w) = _ L-L
2tt

1^2

where |E| _^.{2)*(
a

1 - cospe e
-a

I_ - . °J CO
i

o

2 cosna
o

(1-^ )
P

-3-6
de

. sinpa
[ o _ nn

p ;7 cosPa0j

But for HE mode p _ n_
11 2a ' hence

o

cos n a

(H-26)

(H-27)

(H-28)
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and

I - ra/2 2sink %
2 . cosk y dy = __j 2-a/2 yo" J —^ (H-2 9)

yo

Thus for HE _""^ mode, from Eqs. (H-26), (H-28) and
(H-29) gn(w) becomes,

, . E2 2Cosna sinkvo _?gn(w) _ ____ o y° *

ByEqs.(H-25) and (H-30) fnr m „.a .u;, for HE^ mode, E^ becomes,

E.(6) = ______ fffc SlnkyQ g - cosna e3ne ,n
_r Tip k„_ 2 2~^"

70 *" O-^H^PyO
where E0 = k A_ H (2) fi d\ ,__, «2 "Vh wp (krR) with p = _J

__T
o
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APPENDIX I

DERIVING EOJJATIONS EOR MULTIMODE DIELECTRIC
LOADED RECTANGULAR HORN

PIELDS IN THE MULTIMODE DIELECTRIC LOADED
RECTANGULAR HORN

p _ r_*

TE
x ..

~3k z
o

• 0 „0ao x co» f - . •-• (__.

TE

^o - Dcosa, ( | -x) cos rm _ _-.*_*
. b

where ( _£ )2 +k 2 + q 2 2
~o " k0

/ nit v2 2 . o

The different field components of T_x modes ^e obtained
hy the relations,

E -•_* ,H =-_L_ _J__Ly _r • H_- =
.1_u

0

e - a h-1 a2t (I-3)

^ • ° . h, -T_T <__ - 2Jx -"33£ ( 5- +V *)

(1-2)
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Prom Eqs,(1-1) and (1-3), different field components for

the dominant TE^. mode (n=0) in the horn axial and dielectric

coated regions are obtained as,

In the horn axial region

-jk z
Eyo =G3kzcosao x e z (since for n = 0, cos 25 y =1)

b

TEX10
Ezo=0 vSiaoef is independent of y with n = 0)

Exo =0
, ^10Hyo = ° (since $ is independent of y) (1-4)

Co. k -jk z
H_ 0 z z

_n 1—_TT~ °os axe •zo 3 _DP0 o

kz 0 -3k _ (since k 2-a 2» k 2 )
H _ ;*_. ——— cosa x e B 00 z

3-° _e_p 0 o

Injthe dielectric coated region

Eyd =3kzD cosad ( | -x) e B*

Ezd • °

Exd " °

V=°

-k a-D -ik z
[zd " _g* -iMd.( S -x) e Dz

k
2

H . z _ -3k zxd« , f B. co
j <^P

sa-, x e
z

0

cj-s)

/
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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 - + -• "s ( s being the dielectric coating

thickness)

Evd at x »+| -s.gives
Thus i} E

yo ~yd *" * " Z. 2

CcosaQ (I -s) =D cosads (1-6)

ij-) Hzo = Hzd at x =1 ^f -s)^gives

CaQ sinaQ (| -s) --D a, sinads (I_?)

C
Dividing Eq,(l-7) by Eq.(l-6), it becomes

aQ tanaQ (| -s) - - ad tanads (1-8)

But by Bq.(l-2) both aQ and ad are functions of k , so the

above Bq.(l-8) is a transcendental equation for determining

the value of k„.. Knowing k_, aQ and ad are obtained by Eq.(l-2),

and the ratio C/D can be obtained either from Eq.(I-6) or

from Eq.(l-7).

Since both the regions will have the same propagation

constant k_, by Eq.(l-2), a single equation relating a and

ad is obtained as

A
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k 2- a 2. e_ 2- „ 2
o o r o d

2 2 2 (I"9)i.e.ad -kQ (cr-1) +a^

Now for the case of thin dielectric coating with low

permittivity material, kQ is not very different from k1, and

ao and ad wil1 lDe small« Accordingly

tanaQ (|-fl) ^ sinao (1-s)^ a^ | -s)

and tana, s __ as,

and hence Eq. (1-8) can be written as,

_ 2 f a _^ 2% (2 "s) =- ad s (1-10)

An explicit relationship for aQ can be obtained, by using
Eq.(l-9) in Eq.(l-10) as

%2 ="ko2 <eP-i) f (t-H)

1-2 THE RADIATED PAR PIELD PROM DIELECTRIC LOADED
MULTIMODE HORN

By Eq.(7.8)
TE TE/TM12

Et =Et +Et =E(cosaox +Cycosaox cos ~ y)

Knowing the transverse electric field E, over the
x
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horn aperture, by the vector diffraction formula, the radiated

far-field at a point 'P' is given by

__, A l/~ y»

p ° o k jk (xsin6cos0+ysinesin0)
E(P) =jkQ -_-__(l+ -i- cose) // Et e ° dxdy

o s

Thus the radiated far-field of the test horn in the E -plane

(0 = n/2) is given by,

, n p"3 °r k„ ^ 3k y sine
E6(9) = ^ko Vr"°+ TT cose> ff*l e ° dx^

L___i' k-
o 47tr

A'/2 B/2

=jk 6 " .(1+ t-S cose)

2ti./ / E. (cosa.x+C cosa ffios-5y) .
-A«/2 -B/2 0 y o B

2 2

_ Dx~ ( J + f )• jk ysinee X° R E e ° dxdy (1-12)
2 2

"3.J_ ( __ + __ )
( A phase variation of $ = e Xo R R over the aperture

is assumed, where R - the horn axial length)

-jkor

where A'/2 -3 _ x .
,R

1 ,At/2 ,Ja_>* ~3a_*' ?„ I

__ / <_ J ^ A

I1 = / cosa x. e AoR
-A»/2

2

i / (e ° +e ° ) e Xo *
2 -A"»/2

dx
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^Ra°2 /TxJ)rJ1 = e / Y~ io(u1)-0<U2)- •JC8(u1)-S(u2)]J
(I-U)

where

l2. //z;a. i2 e3V— dy
-B/2 J

2

B/2 "3 5 | 3k ysine
J e Ao n e ° dy +

o J

B/2 "J 5 | -3k ysine
+ / e AoR e ° dy

o

k
o

where

2 23 k^ Rkn sin '
== e ~7r

nc j __£__ I C(-vj )-C(^H [S(^)-Sfc )]J
(1-1. )

l \ _ 1 r -,rr =r k SinGt ) f2 [ ^o* ______ + _B J

B//2 2n 3knysine -J* y2
-B/2and X3 : ___ cos i| y e ° eAo" R dy

_ 1 E/2 , *TT* "d % yN 3koy_in6 "* £" 2lp I (e +e » ) e ° eXo R dy
-B/2
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32ti -2
_,- i[ f^ /?'.«-'—..__ ay

•3 2 L_B/2

-3 2tiB/2 "J ^ y jk ysine "3 2 £
♦ / e Be° eAoRdyJ

-B/2 J

- j\oR , -j0 ( tr + r-sme)^~ Ce B Ao |c(v1-C(v2)--3[S(v1)-S(v2)]

D^Ao^- 2 2 ^
♦ eT- <b*AoSin9) | 0(t3)-0(v4)-3 [S(t-)-S(t4) ]}]

(1-16)
where

/VA- - r BVv2. V*2 [ v^f +fAcR (| . |- sine) J

(vJVf_ [ yfj ±lTA0R(|-2_sin6)]B

Using Eqs. (1-14), (1-15) and (1-16) in Eq. (1-13) E0(e) becomes

-3kQr . jXp Ra
EQ(e) - J__S R(1; __ cose) eTF

[0 (u1 )-C (u2 )-3 [S(tt., )-S (u2 ) ]1 [fJ +0^]

(1-17)
where - 3_Xo -^ 2 Qin2e

Ei =e ° .{G(Tj)-c(^)-3[S(v])-S(^) ]j
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with(^T^[VT°5 -^ +̂
anfl 3^Xo R / 2 2 • nx2and = ? (- .Xoeine)

up*

^C(v1)-C(v2)-3[S(v1^-S(v2)]}

+JiX° R(I X sia«>2^Cr5)-0(V4H[S(v1)-S(v2)]j

And the radiation pattern in the H -plane (0=0) is

given by
-jk r

3k e ° k
Ve) » * 0* TT 00-) •4_r 0

2 2

r_.o x ( I + _" ) 3k xsine (1-18)J7_° e X0 R R e o dx dy

-3k r

3k0 e ° kV A'/2 B/2
™ o -A'/2 -B/2

2 2
-371 / X y N ., , n

/ 2ir k _ ( _" + _ ) 3k xsine(cosaQ+C c0sao_cos-^y) e Ao R R e ° dxdy

Pollowing the above mathematical operations (carried out

for EQ(e)), E^(6) can be derived as,

-3k r ,

E0(6) " JE \r - »♦ _f =ose)R F* [jj ♦ 0yJ» ] (1-19)
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where

Pa - M f0(u;)-c(u2)-3 [S(u;)-S(u2) ]J

with

u

u,

N {C(up-C(u|) - 3[S(u^)-S(uj) l^

3|A,R(_+ 2 sine)2
e • 71 A0

1 r __
f 2 L

a- VX? ( _j + 2 s.ne) 3
AoK u Ao

!

( U?V _5 C7= i VX1 (^-r ^ne) ]

where

where

F° = 2 [C(w) - jS(w)]

w =

_

/

B

^X7

37lA0R

e B2 [ 0(3. )-C(.) - 3 S(rf)-S(p) ]

i [-_!__ _ 2Y~Aoir
B,; V"2 VAa5
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1-3 EVALUATION OE E AND 0 _ MODE CONVERSION IN

A RECTANGULAR WAVEGUIDE BY A STEP DISCONTINUITY

The conversion of a portion of the TB,0 mode energy

to TE/T.M12 mode in the rectangular waveguide is achieved by

a symmetric step discontinuity in an oversized guide as

shown in Pig.1-1. The oversized square guide is designed to

support the propagation of _3/_M-2 mode; and to be evanascent

for other unwanted higher order modes.

Assume that the TE1Q E -field has a perfect match at

the step discontinuity junction, and let the transverse

E -field B. at the discontinuity plane ( z = 0) be the same

as for the _B10 incident field,

i,e* Et = *y J0kz oosaQX - iy Eq cosaQX
TE_~

10The electric field of the TE1Q mode Et in the oversized

guide is given by

= i E cosa x
y o

TE/TM-J2

BL - i„ B cosa x
. y o

The transverse electric field of the TE/TM.,2 mode, E.
in the oversized guide is given by

^/™12 r , 2n
V Ay cosao^os "b

where A - the amplitude of the TE/TM12 modes.
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At the left side of the junction only TE1Q mode can propagate-
At the junction planep 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

- TE10 TE/TM12
Et ~ Et + Et + hiSher order modes

( these higher order mode terms are neglected since they are
evanascent modes for the oversized guide)

i.e.

B cosa x = E cosa x + A cosa x cos — y
oo o y o B

A p
= E(cosaJC . -£ cosa x cos £2 y)

u _ o b

« E (cosaoX + Oy cosao x cos j— y ) (1-20)

where Cy = the mode conversion factor defined as the complex

amplitude ratio of higher order modes to dominant

mode.

Multiplying both sides of Eq.(l-20) by cosaQx and integrating
within their respective limits,

a'/2 b/2 2 A1/2 B/2
-J/2 -J/2 V°" V^4*-" SJA,j2 .B/ =oS2aoxdxdy,

._•/- B/2 2 -
L. I , / cos a xcos~ydxdy 1y -A'/2 -B/2 ° BJ J J
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l~'e» Blna aT sina A*
E b(a« + ——2—) _ EB (A1 + -~ 2—) + 0

o a ' a '
o o

.\ E _E 5 ( aoat + sina0a')
o b : ______ (t_?i ^(aQAT + sina0A<) U ±;

Now to find C multiply both sides of Eq.(1-20) by
2tx

cosaQX cos —• y and integrate within their respective limits,

Thus it becomes,

a'/2 2 b/2 2
B f cos ax dx / cos — y dy =

0 -a«/2 ° -D/2 B

Af/2 2 B/2 2
- E [ f cos ax dx / cos -§ y dy +

-A'/2 ° -B/2 B

A'/2 2 B/2 2 ?
J f cos a xdx f cos ^£
y -A'/2 ° B/2 B

1 , sina a' sm 5 b , sina A' •
E - (a' + 2— ) B _ E ro^ 1,*' + o n B
o 2 a0 5 L y 2U 5~ J 2

B

(a a'+sina a') sin 5 o
.*♦ 0„ « 2B -2 ________ B

y ° EB (a A'+sina A') 2
o o ' b

Inserting the value of _ from Eq.(l-21) c becomes,
_/

2sin ^ b
C - B

y iF— (1-2.)
B

(1-22)
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1-4 GAIN OP THE MULTIMODE DIELECTRIC LOADED HORN

Transverse E-and H -fields over the radiating aperture

of the oversized waveguide are obtained from Eqs (1-4) and
(1-20) as,

\° = _° - W~_~,. •,,,„ „_ _ 2 71 \

(1-24)

C* " HX • 7L.7 V (cosaox+Cycosaoxcos |5 y)

E+ ~ E° = E(cosc. x+C cosa xcos ~2 y)
_y oyo B

HT = H° = —_L_ 1. 2 ,____ _,„ .___ _.._ 2tc

kE°
_______

c_po

The total power passing through the radiating horn aperture
is determined by

Pt - \ Re [ // _° . Hf ds ]
s

1 A'/2 B/2 2
" _ /. ./

E k

2-A'/2 -B/2 ^--~(cos2aox+C2 cos2aoxcos2 |% +
2 9

2C-rcos a^xcos -2 y) dx dy
y 0 b

_ 1 E2 k
8 _ B r_ _, , .__._ ..w_ _2a- (a_A« + sinaQA')(2+ c^) (1-25)00 p0 a. o o Jv uy

The on-axis gain of the test horn is defined by

G(0,0) - 4u p.Q»s» (I_26)
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where P(0,0) =^L JeJ2 r2
2 mo 6 max

By Eq.(l-17) and knowing that C(rpj) = - C(^>1) and

S( f}-) =-S(£» ) where r^ and 4+ are the values of r\ and?,
at 6 - 0, and are given by

ni\ ; b
V^V Y_A R ' •p(°>0) is obtained as,

P(0,0) -g^-_2R2(i+E£)2i[o(u1)-o(u2)32 +[s(Ul)-s(u2) ]2].
o I

_V[c(^)j2+b(^)]2 +Cy^ _(vo1)-C(vo2)]2+[S(vo1)-S(vc2)f
(1-27) J

Using Eqs.(1-25) and (1-27) in Eq.(1-26), the gain becomes

.(0.0). ^^^ R2(1+ t)2
% "2k„ B

(a A' +sina A')
o o

[oGLjHKu-)]2 + [s(Ul) -(u-)]

(2 +o;)
-. 2

V~702(^)+S2(^) +C^ [c(vo1)-C(vo2)J8+[5(vo1)-S(vo2)]!
J

(1-28)
,and using the relation^c__>p0=k0p the above Eq.(l-£8) reduces

to



G(0,0) -

k
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4_R"a (1+ _-02k , . p0 V ° p(^)-o(u2)32 ♦[s.u^-sfa,,) ]2
B(a A'+sina A' )k "TT~~~l2~

o z (8 . 0« )
.2

vTc7£) ^jj-^ta^^, »* Efl(T01Hi(To2>

Bwhere £.

1 Y-TTt

v

vo2. f2 'ifX^R B -J

and U<| and u2 are as defined earlier.

TE10+TE/TM
-Lc

Mode

TE 10Mode
4~- Step discontinuity

Fig. I-l Rectangular Step Discontinuity

(1-29)
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APPENDIX j

DERIVING EQUATIONS EOR HYBRID MODE DIELECTRIC
LOADED HORNS

J-1 EIELDS IN THE HYBRID MODE HORN WITH DIELECTRIC
LOADING ON H- PLANE WALLS

The electric vector potential f for TE to ymode is
given by

P = I it
y¥ (j-1 )

The proper forms of the potential function ». for the horn
axial and dielectric loaded regions respectively, become

.0 -Cn cosaoy cos ™ xa"**-'
(J-2)

♦d -Dn cosad (|-y) cos ** _,"*V

Wh6re a2.k2+(__)2 -k2o •%. ^ T- - k
z o

ad2 +kz2 +(¥)2 -k2
(J-3)

T} = K1 (=ev,k2)
r o '

The different field components of the hybrid mode are given by

x 3_ H = _____ 9 f
. x 3Op0 dxdy

E__ _ _t

V
8 K Ez = iznr ----- ^)E_ = 0 Ju^o ay3z

u 1 / 32 2
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Substitution of f in Eqs.(J-4) gives the different field

components in the horn axial region ; and are obtained as

Ex = i Ckcosay cos ^ x e z
•x-0 n z o A

Ez0 - " X CnC0SCV sinX x e

Ey0 = 0

\ -JZ70 x% si-vsi» xx e"jv (j-5)
Cn _»_ ~3k _

H - —2-. k a sinav cos -S x e z
zo aJ[i z o o A

Hv - -2-_ (k 2-a 2) cosa ycos 2 xt"3*-"
3_ ]w^i 0 0' oJ A

Similar field components are obtained for the dielectric

coated region by substituting $, in Eqs. (J-4), and are given by,

\d • ^nkz cosad(! -y)cos f* e~'v
_ - Ti ni1 t B \ . n_ ~3k!7,z
Bzd " _I)n T C0Sad ( 2 "y) Sin ~IX S

E _ = 0yd
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D k a „
n g o __„_ / B .v nn "3k*zH _ » - n z S qi-m f B _,_» nitzd T~—T sinad ( 2" "-0 cos j x e z

.d= J^~ V ,H2> »os«a( I-y) 00S 2f x."*•'

Now continuity of Ex and Ez at the air-dieleotrio interface
B

i.e. at y = - -s, (where s is the thickness of the dielectric
coating) gives

r

Cncosao( | -s) =Dn cosad s (j_7)

Continuity of H_ and Hz at y=| -sgives

°nao sinao (| "s) ="Vd sinadS (J-8)
Division of Eq.(K-8) by Eq.(j-7) gives the relation

ao tan a0 (| -s) =-ad tanad s (j_9)
This is the characteristic equation for the possible values

of kz. As in Sec. (7.2.1 )J considering the case of dielectric

coating by very thin dielectric slabs of low permittivity,
it is possible to obtain an explicit expression for a .

o

Accordingly, assuming the same kz for both the regions, from
Eqs.(j-2) and (j-8) it is obtained as,

ao2 =-ko2<V-1)4r (J-10)

/
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J -2 PAR-PIELD PATTERNS OP 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 f , the total aperture field becomes

Exs " (1 +r)Et. - (1 +r )3 Onkzcosaoycos -f xe"^" (j-11)

where ^. - __ E„q - j cnk_ cosaoy cos f x9~**'
and

HyB • d-Diy Hyo - -(1-D A_(_o^o2)OOB«oJOOB B* i^
(J-12)

Therefore -, ,. r-. „ ,
Exs. o+n^okz
H /-, ru, 2 2s (J-13)*ys (1-|)(k0 -aQ )

Now the radiated far-fields in the E-plane and

H-plane respectively are obtained by the vector diffraction

formula as
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"3k r
o" k*e(e) .a. Z—L-iu^lzT

'*0
TT ~7p cose)(l +D3kzcn i-i2 (j-15)

where I
1 -A/2

+A/2
22 x dx - ___ sin ( £_.)

A nn

B /2
cose

-B'/2
^2 ~ ,«/*„ oosa^y e

3kQysine
dy

(J-16)

2 ,

(_~sine)* - a 2 [ koSin6 °OS(ao |)sin(ko l'sine)
0 o

B B-aQ sin(aQ §)cos(ko | sine) J

(J-17)
and inserting Eqs.(j-16) and (j-17) inEq.(j-15), B (e)

becomes

Me) • 2c k d+f) a
y n zv ' 'mr

•3k r
o

(1+ __ 1~1 .
'n7t V

02

cose)sin -
o 1+f 2

[ kQsine cos(aj')sin(kJ'sine)
o ;

B

2
~ao sin(a0 |5 cos(k0 fsine)J (J-18)

and
-3k r

Me) - J_i
^0

11- kz x^ 3k xsine
(cose + ±_L I2 >// E

i+r oy 2x: xs
dxdy

!. r

-3k r
e o 1 r~ k
-: (cose +__i Jl)(i+r)

1 + 1 o WnW^ (J-19)
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where _f/2

l3=-B»/2 ""V*- ~sin%f (WO)
' o

A/2
3_ " / -" n71"4 ~_Ai cos ~ x dx cOS(kosine)

n 71 . nn; , k-j sm 2— cos (kQX| sine)

( nns2 . . .2 (J-21)
( ~p ~ (kQsine)

and using Eqs.(j-20) and (j-21) in Eq.(j-19) Efl((e) bee>0.w; oecomes,

E0(9)=2GnkzxV^(1+r)(cose+^-^ )•

sin yS cos(k I sine) sina !'
a _ 02

(k0sine)2 -( BZE)2 ' ~T~ (J_22)

It is seen from Eqs. (j-18) and (j-22) that the radiated
far-field is non-zero only for n - 1 35.

J-3 ON-AXIS GAIN OE THE HYBRID MODE HORN WITH
DIELECTRIC LOADED H-PLANE WALLS

-] B!/2 A/2

?t =2^ [J/2 -J/2 ** 4s **** J
But by Eq. (j-13)

(J-23)
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_

XO _ 1t[ _ ^O^z
V i-r v^

Therefore

pt=i /;/2 //2 _________ IE ,.a d

inserting the value of ^ by B,. (,_„), ?t ls obtained as>
r2

-—— 0+D2 (ko ~ao ' (a B .sina B')
1+r ~mr~kzA (J"2«

0 ''o

( since cO„ _ k •,
The on-axis gain is defined as ° ° °as

2
G(0,0) =1 JE I2 4ra"'2pQ ' 6'max "_-- (J-25)

Prom (J-18).

t

l.lmax " 2CA<1 +r) - .-L(1+ h _f ) Slmo I_i X„r ~0 1+r ' - (J_26)o

Thus by Eqs. (1-24)^(1-25) and (j-26), G(0,0)
becomes

G(0,0) =

64kokzA(1+^ l_L_)2(1 +r) s.n2a B'
o 1+| 0 2

«2«\XH,Z><1-r)a0(«0B,«lna0B') ^'^
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J-4 EViLLUATION OE MODAL AMPLITUDES BY MODAL
EXPANSION OP EIELDS

Consider the guide junction of Pig.7.7, It is

desired to determine the fields forz > 0, from the known

values of the tangential fields at 2= 0, with the assumption

that the guide is matched at the junction. Let the TKr
j_m

modes may be determined by the superposition of the mode

functions as

TE OO OO --JV r,
y - . . ~ __ nn 3Kvz. y = _ S 0__ cosa. v _n.. 22 v _ z

mn m
£1 n=1 Gmn °0Sa°mn ycosrxe * (J"28)

(kz is assumed to be the same for all the modes)

Limiting the consideration to m=1, let the function be given by

00 —ik z. =^ 01a cosany oo- ^ x e z (j_29)

where _1n is the value of aQ (in Eq. (j-3) ) for the HE1n mode.

Now the tangential field __, C-y =0 for TEy mode) is given by

Ex =" ^ ; and ty Eq.(j-2 9) Ex becomes

_ °° Kt~ ""3k z
^ =3kz J., °1n C0SV cos ^ x e z (j-30)

Thus the tangential field at z =0 , by Eq.(j-30),becomes



B
x
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5„0 ***& C1nCOCV^osHx (J_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 aTE1Q mode, the
incident wave at the junction (z=0) is due to this TE.,- mode,
and hence it becomes,

Ex __0 • c°s 1 x . y <b
Z~° (J-32)

= 9 » y > d

where 'a' and <b« are dimensions of the smaller ( X-band) guide.

Prom Eqs.(J-31) and (j-32), it is obtained,

ax-*« i^1 U1n °osa1ny cos "jf x (j_33)cos - x = k z C - ---

Multiplying both the sides of Eq. (j-33) by cosany cos J5 x,
and integrating over the respective limits for the smaller

and longer waveguides at the junction

d+e a+c

J J cos -xcos -J_ xcosany dx dy

B/2 a/2 2

:kz°1n -B/2 -A/2 C°S a1^ C°S T* XdXdy
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l.e.

a+c

sinq, (d+e) -sina e / Cos J xcos 55x dx
jq . a a

~^A. (a1nB +sina1nB) (j_34)
k C-.
z 1n

The integral in Eq.(j-34) can be evaluated

a+c

as,

/ cos £ x cos £1-
c a a

2sin - c
_a nTi /a+ 2 c\ r\n & (. _: c >

-[(£)2-(l)2j
COS

(in the evaluation of the integral, aterm whose amplitude
increases with the mode number n has been neglected)

Prom Eqs.(J-34) and (j-35), the modal amplitude C,n bee omes,

C1n

8sin I c cos ^ (a+2c)3os g a sina1n(d+e)-sina1ne
na • _• .2 . 1 .2kz t( A) " ( _^ J («1nB +sina1nB)

Sq.(J-36) can be used to compute the amplitude of any
higher order mode corresponding to the values of n.


	RADIATION CHARACTERISTICS OF CERTAIN DIELEQRIC LOADED MICROWAVE ANTENNAS
	TABLE OF CONTENTS
	ABSTRACT
	CHAPTER-1 INTRODUCTION AND STATEMENT OF THE PROBLEM
	CHAPTER-2 REVIEW AHD GENERAL CONSIDERATIONS
	CHAPTER-3 HIRADIATION PROPERTIES OF DIELECTRIC LOADED CONICAL HORNS
	CHAPTER-4 DIELECTRIC LOADED BICONICAL HORN
	CHAPTER-5 DIELECTRIC SPHERE-LOADED CORRUGATED HORN
	CHAPTER-6 DIELECTRIC LOADED SECTORAL HORNS
	CHAPTER-7 DIELECTRIC LOADED MULTIMODE HORNS
	CHAPTER-8 SUMMARY OF RESULTS AND CONCLUSIONS
	LIST OP PUBLICATIONS
	BIBLIOGRAPHY
	APPENDIX

