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ABSTRACT

Radiation characteristics of overmoded diclectric rods have been derived by
using the aperture theory as well as the theory based on the Equivalence Principle
and have been verified by the experimental  resulis.
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1. INTRODUCTION

The paper is a continuation of the study on overmoded dielectric rods'.?
reported earlier.

Theoretical analysis of the radiation characteristics of dielectric antennas
by diffcrent authors follow onme of the following methods:

(i) Scalar Huyghen’s Theory®: 4,

(i) Schelkunoff’s Equivalence Principlcs17,

(isi) Aperture Theorys—21,

{iv) Lens Theory?2.

The methods (ii) and (iii) will be referred to as the first and second theory,
respectively.

In the scalar Huyghen’s theory the vector nature of the field is not
revealefi and the structuie of the radiation pattern and the beam width of
the major Iobe in the two planes ¢ == 0° and ¢ = 90° remain the same though
the xjnode of excitation of the aerial, which is the asymmetric HF,; mode
fequires that the structure of the radiation paltern and the beam width be
different in different planes.
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The vector potential approach with the Equivalence Principle which
considers radiation from the surface as well as the end shows a good agree-
ment with the experimental radiation patterns in different planss,

The aperture theory considers the dielectric rod as a transmission fipe
feeding energy to the free-end aperture of the rod and ignores radigfion
from the surface of the rod.

The operation of a dielectric rod radiator can be considered to be thyt
of a lens having cross-section dimensions of the order of a wavelength. The
sides of this lens, as shown by Wilkes®2, is responsible for the concentration
of energy and there exists an optimum length at which the energy is max.
mum. The existence of maximum and minimum in the radiation field s
explained by considering the difference in phase velocities of the wave in
the media inside and outside the dielectric rod. Expressions for gain and
radiation have been derived by using the concept of a lens. The maxima
obtained and plotted against the lens aperture show a well-defined mini
mum at an aperture of one square wavelength, below which the energy
increases with decreasing cross-section and above which the energy increases
with increasing cross-section. It appears that this method bhas notbeen
persued by any other author subsequently.

In critically reviewing the two aforementioned vactor theoreis, (i) and
(iii), 1t may be said that the Schelkunoff’s Equivalence Prmcipleis identical
to the vectcr Kurchoff’s formulation. This has been shown sutject to
certain limitetions, by Fradin'? and has been proved in a general way by
James!, It is comsidered relevant and worthwhile to discuss briefly the
equivalence of the two different formulations.

The radiation field for a given aperture is frequently calculated using
the Kirchoff’s formula which has the following form:

o= J Lo {2 =GR o

r r dn

where ¢ is a scalar function characterising the electromagnetic ficld of the
wave. The subscript, P, indicates the value of the function at the point 7,
for which the value of the function is defined, and S indicates the value of
the function at the surface of integration. By successive substitutions of
the rectangular components of the electric and magnetic vectors for the
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fugetion ¢ in eq- (1) the following vector formula for the electromagnetic
feld Is obtained:

g [ [£5-45]as @
s
mx f [ - 43 ] ®

5

which ere exact only in the case of a closcd surface, S, and wheie ¢ = [exp
(-jkr]ir. The above vector cxpressions can be reduced®® to rectangular

components given below:

1 2 foxp (-~ //un — exp (- Jkr) 2By
Erp =4, f [E* anl r ¥ n ]dS “

joo ) o foxp (— jkr)) _ exp (= jkr) 2Hz7
Hys =72 f ]:Hz m r r 7 o ]dS ®

These have the form of eq. (1).

By considering the surface current densuties, JF and J¥, confined to a
arface § (which may be open or closed, connected or disconnected); and
clating the fields £ and H by the Schelkunoff’s Equivalence Principle
F=—nuxHJ¥=n xE), and uvsing Silver’s radiation formula,

E, = — jopd¥® + grad div 4% -- Cur} 4%

mwolving the vector potentials A% and 4% Siratton and Chu® have getera-
ied the vecter Kirchof’s formula into the form

Ee= g [= T (o= g — 97 xv 4 — (2) v do
-+ ISI{ijp.(n XHYp —(n xE) XxVi+ (n. EYyVyda
— e G VY H. .S+ SV H. dS+ -
+gSw;H. dsy] - (6)

-Silver® hg, applied this relation to apcrfures to obtain a relation for
he far field pattern. Bouix!! has used Kottler’s formulation which i
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equivalent to the above equation, eq. (6). Brown, by considering e
electric field vector (E) as orthogonal to the magnetic field vector (&), py
simplified the vector Kirchoff’s formula, and has used it in his aperture
theory for deriving the radiation pattern. This establishes the equivalence
between the source field approach and the aperture theory approach, Henc
it may be concluded that the vector Kirchoff’s formula for the radiatioy
ficld forms the common basis of all present day techniques for studying the
antenna theory.

In overmoded dielectric rods the entire field on the surface of the rod
is obtained by the superposition of all the modal ficlds. The completeness
of the Maxweli’s field equations’ solutions requires that the solution includes
not only the suyrface wave modes which result from the solution of the
eigenvalue eguation but also the radiation modes. The orthogonality proper-
ties of the surface wave modes have been discussed in the previous reportst 2
The structure of the radiation patterns is influenced by the higher order
modes existing on the surface of the rod. It is therefore considered worth-
while to discuss the orthogonality properties of the fields in the case of an
open waveguide like a dielectric rod.

The orthogonality condition for any two radiation modes is express:d
by the relation®®.

STIEG) X B @) e dx= S, [B)PsG—4) ()

where the power P carried by the mode is a real, positive quantity and p
and p’ are used to label two different modes. The caret on top of the E and
H indicates exchision of propagation vectors exp (—jBz). It may,
however, be temarked that the inclusion of the propagation vectors will
not make any difference when the phase constant, B, is real since the
complex conjugate cancels them out for p= p” and p % p’ the integral vanishss.
But, when B is imaginary the propagation vector will not cancel out and
hence the orthogonality expression would become a function of z. h
eq. (7), S, =1 for real B and S, = — 1 for imaginary 8 in order to keeps
positive.

The above condition, eq. (7), holds for any iwo modes regardless of
whether they are both guided modes, both radiation modes or whether one
is a guided mode while other is a radiation mode.

For guided modes, the field can be normalized so that the right-hand
side of eq. (7) becomes equal to p. The function & (p — p) repiesents
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delia function when both the modes are labelled as radiation modes. For
guided modes, the funcidon o (g —- p'} 1s mtcrpreted as the Krénecker delta,
5y, which is equal to unity for /== j and cqual to zero when i % j.

In the case of dielectric guides, if theie are two or more possible sohu-
tions of Maxwell’s equations describing surfuce waves (Esm, Hgm) which
represcnt the asymptetic sclution of the problem, since their amplitudes
remain constant (assuming the diel:ctric rod to be lossless) along the rod,
and since the radiation fields (Lr, Hy) decreas:, the total fizlds (Ey, Hy)
may be described by the following relations®:

= Z' Am E' sm + Egt

by
%
(=]

H, = Z,'Amen - Hyt

E,= 3 Ap Esm -+ Eg~
) z< 0 8)
H; = % Am Hsm -+ Hg™ (
»n
As the total field and the individual surface waves of unit amplitude are
solutions of Maxwell’s equations they satisfy the reciproctty relation which
states that

§ Er X HY~ —E%~ X Hy) . da=0 ©

where the positive and negative subscripts indicate the waves in the -+ z
and — z directions. Using the reciprocity theorem and the expressions for
the total field, Goubau?’ has shown that the following orthogonality rela-
tion between auy surface wave modes and the radiation field is satisfied.

¢ & xHp). da— # (Em x Hp) - da =0. 10y

A

It has also been shown by Adler® that the following orthogonality
wmlation between anv two non-degenerate surface wave modes

# (Eym % Hyy) - da = #‘ (Esn X Hsp) - da =0 an

is satlsﬁed in closed waveguides and. is also valid for open wavegmdes like
dielectric waveguides. )

The mode orthogonality relation, eq.(7), with respect to the average
power applies only for lossless diclectric waveguides. But if the dielectric
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constant of the waveguide is complex this relation, eq. (7), is not stricy
valid. Tt will, however, to a good approximation sfill hold for slightly loss'y
waveguides, although it will no longer be strictly true.

In this context, it may be emphasized that eq. (10) holds for both disg-
pative as well as non-dissipative waveguides. When the waveguide is logs.
less however both the relations defined by eqs. (7) and (10) hold goed,
Since the condition defined by eq. (10) remains valid more generally it is this
relation which acts more effectively as an orthogonality relation. 1t may
be remarked thatin the absence of complex conjugation the quantity E x§
does not have a physical meaning and hence the simple interpretation of
power orthogonality, in this case, is not valid.

The above resumé of orthogonality relations leads to the conclusion
that the relations can be applicd to dielectric rods and that they permi
the evalvation of the total power flow in an overmoded dielectric rod bya
summation of the power carried by each mode individually, provided the
modes are non-degenerate.

The object of this paper is to present the derivation of the radiation
pattern of overmoded dielectric rods by wusing both the mathematical
approach (ii) and (iii) and to compare them with the experimental resuls
with a view to determine the limits of validity, if any, of the two theories
and to study also the effects of the higher order modes on the radiation
pattern.

3. FUNDAMENTAL RELATIONS FOR THE FIRST THEORETICAL APPROACK
The electric (J) and magnetic (M) sheet corrents on the surface of the
dielectric rod according to the Equivalence Principle are given by
J=n X H® (12q)
M= -—n XE* (128
where
n is the unit normal vector dirccted outwards from the surface S;
Ev is the electric field vector on the surface;
H° s the magnetic field vector on the surface;
S includes the surfaces S; and S, shown in Fig. 1 @ which gives the co-
ordinate system employed for the purpose of determining the radiation

field and a large sphere S, as shown in Fig. 1 6. The currents o®r
S; are assumed to be negligible ;
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Fie. la Coordinate system for calculating the radiation paitern by the (I) theory.
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Fig. 1 Surface of Integration S = 8§ -+ Sy + Sz for finding the Radiation Field,
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S, is the cylindrical surface of the dielectric rod acrial;
S, is the free end surface of the dielectric rod aerial;
dS is an element of area on the dielectric surface;
¥ is the distance of dS from the distant point, P, at which the radiafion
field is to be determined =7 -- @sin fcos($’ — ¢) —zcoss;
r . 1is the distance of the origin of the coordinate system to the point P;
The electric (4%) and magnetic (47) vector potentials at a point Pr,9, ¢)
with S are given by
Jexp (jot — kr'
an= L [ IORUSZ R g 13

8

1 exp (jowt — ki’
AE = I f M __(J_r,i,,,) das (13 b)
&

where k is the free space wave number. The radiation field in the (8,4)
plane at a distant point P (r, 0, $) is given by
. 1 .
E= — jou, A¥ +jci>e;; grad div 4¥— curl A% . (14
The transformation of coordinates from the cylindrical system (p,¢',z)
describing the surface of the rod to the spherical polar coordinates (7, 6,4)
describing a distant point in space is made according to Table T,
2.1. Radiated Field:. Surface Radiation
The sheet currents J and M are given by

>
J=—¢ Hy+zH,,
> . -
= — ¢’ A1 cos <]5’ Rl + zsin ¢' eI Bmz (]5)

TABLE 1

Transformation of coordinates from the cylindrical coordinate system
into the spherical polar coordinate system

-> > -
r

sin B cos (" — ¢) cos Bcos (" — ¢) sin (@ —¢)
—sin @ sin (¢’ — ¢) —cos Osin(p’ —¢)  cos(¢’ —¢)

cos 0 —sin @ 0

SRR SN
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where
k>
4, = — Bm ]wl" ) (kim @)

b :
ty=—Bn [ 2 B 5 G @) + O b Y G @)

439

(15a)

(158)

The expression for J in the spherical polar coordinate system is obtained
from eq. (15) by using the transformations in Table I. Its components are

given below:
Jr = [A; sin 0 sin (" — ¢) cos ¢’ + A, cos 0 sin ¢] eIB?

= [4, cos O sin (¢” — &) cos ¢’ — A, sin 0 sin ¢’] eIz
Jy =[— d;cos (¢ — ) cos p'] eTFu?
M=—zEy +§ E;
=3' Ay sin ¢’ e9BnZ — 7 A, cos ¢’ e IFu?
where

bm k2
=Bn Bm J(:Z"-G(klm a)

and

Ay=—Bn [klm J (kyma) + _me tlz/f::l g (klma)]

In polar coordinates the components of M are given by

M, = [— Agsin 6 sin (¢’ — ¢)sin ¢’ — A4, cos 6 cos $] e P2
My = [— 45008 6 sin (4" — $) sin ¢’ + 4, 5in 0 cos ¢'] eTPn?

My = [d5c0s (6’ — ¢) sin ¢'] 9=

Hence,
eikr

dA4? = %7 {r[4ysin 0 sin (4" — ¢) cos ¢’ -+ Ay cos 0 sin ¢']

+ ] [Ay cos 6 sin (¢” — ¢)cos ¢’ — A, sin 8 sin ¢’]

+ ¢ [— 4, cos 4" cos ¢ — I
X exp [jka sin 6 cos (¢’ — ¢) + jkz cos 6 — jBmz] dS

16

an

(17 a)

(173)

13

(19
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E]k
dAB = A {r[— dgsin 0 sin (p" — $)singd’ — Ay cos 8 cos ¢']

+ 6 [— Agcos 8 sin (¢ — ) sin ¢’ 4 A, sin 6 cos ¢']
+ ¢ [ycos (' — ¢)sin 1}

X exp [jka sin 8 cos (¢* — ¢) -+ jkz cos § — jBnu2] dS. 0)

Evaluating grad div ad®, curl a4® and using eq. (14), the radiated field Epy
from the cylindrical surface of the rod is given by

—ikr
Epo = — L2 f f 10 Copsa Ty + M)
su—L ¢’=0
- (“’Mo Jq) - kMa)]
X exp [jka sin 8 cos (p' — &) —t—jkz cos 6]} do’ dz
ikr .
p
=_J-;’ﬂ f f [6 wio {Ay cos b sin (3" —$)

2=—L, Pp'=0
X cosd’ — Axsin @ sing’} -+ ¢k {A; cos (¢’ — ¢)sing’}
-
+ ¢ wpg{— 4, cosd’cos (¢ — &)} ~s7k{'- Az cos b -
xsin (¢’ —¢)sing’ -+ 4, sin 0 cos ¢’}

X exp {jkasin 0 cos (¢” — ¢) + jkz cos 6 — jBmzl} db’ dz
@y

whick in the ¢ =0° plane reduces to

a ek .
Eps = —jz. 5 fexp[—ﬂ](ﬁm—kcosﬁ)z]dz

gL,

>
X 6 [ ~~%°A1 cos 6 -+ kA’ f sin 2¢° 2xp (jka sin 8 cos ¢") dp’
' ¢ =0

— (ougd, sin 8) }_ﬂ sin ¢” exp (jka sin 6 cos ¢*) dp’]

+3[ ( ‘w— 43 osQ)f 005243"
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x exp (jkasin 8 cos ') de’

k S 6 A. 1 .
+ «QQZ SR 4y “g" f exp (jkasin 0 cos ¢”) dg’
Pr=0

— (Ay ksin 9)¢:£n cos ¢’ exp (jhasin 0 cos ¢') dp’ ]} . (22)

Evaluating the integrals, the expression for the radiation field due to the
surface of the rod for each mode, identified by the subscript m, is given by
the following equation :

> p~IKT R
Epsm = ¢ —— dgm 0 [(Bym -- K cos 8] L/2] (23)

where
—B {Bm (m >1)) a exp[j(Bm — kcos 8) L/2]
Ism =L118 n =T1) § 27 (Bm — ¥ cos B)

X {7 Ky Sy (kam @) [Tz (ka sin 6) — Jy (kasin §)]

— Tk Kxm B e g cos 6 [, (kasin ) + o (kasin 6)]

we; By,

b
- Zwk[klm B Uom @) + 52 ; fj‘ 7 (eum a)]

X sin 8 J; (kasin 6)}. (23 a)

The above eq. (23) representing the radiation field due to the surface only
can be written in the following functional form

Eeom = B, fm (A) fim (d) fn (4, L) exp (f (B — k cos 0) L{2]
24)

where

B .
Jm (/1) %ﬁ? = relative amplitude constant 24 a)

fm @ = dr (B — :—chos [)) {ﬂ k*xm ',1 (klm d)[ (k Zsin 0)

—Jy ~2ﬁ sin 6)]

7k Km b bm ), (kmd) cos 0 [ . (kdsm 0

wey
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0o (5 sin 0) ] + 20k [ kum 2y (fﬁ_zmd)

L bm 2Bnm kymd . kd .
1 By d we, Ji (—2—— )] sin 0.J, (—2 sin 0)} (245
Jm d, L) ==sin [(Bm — kcos 8) L/2] 44

since the radiated field at P(r, 8,4) depends on the diameter and length
of the rod and the relative amplitude constant of a particular mode,

3.2. Radiated Field: End Radiation
In this case

-> >
J=¢" H, —p Hy )
and
> ->
M= —¢" B, - p Ly (6)

Using the appropriate field components

T=F [ X5 Game) + % 2 05m0 o g

ST o 4 (k .
—p[ %A 4 ¥ 5 Geme) ] sin g @
P i
here
X, = B %‘;ﬂ‘ (270
—p, bm

X, =Bn B, ) 275
X,=—Bn fﬁ; @79

Xo= — B m 1 27d)

4 T m B;):L im (
and

, 1 , A
M= {~Bn[3 5 Gamp) -+ 52 Entom 7 ey | sing

b Bm Z&W_P)]} cosd’

Bpowe  p

.
+ o {— B[ Fam I Geum) +
28
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Let
Y, = —Bn (28a)
bm Bmk;m 5
Yz =5 — .Bm -B’Tm_‘wel ("'8 b)
Ya = — By klm (28 C')
b, Bm
Y, = —Bn B, we, * 284d)

The above two expressions for J and M in polar coordinates become

J=r{—sin0sin (¢ —d)cos ¢’ [ X, 5’ (hump)+ Xo ﬁ(’j;—mff)J
—sin 0 cos (' — ) sin ¢’ [ X, ﬁffmﬂ) + Ko () |}
+ 8 {— cos 6 sin (4" — ¢)cos ¢ [ X Germp) 43, ﬁ—(lf;’”i)]
—cos fcos (' — @) sin ¢ [ X, i ffl”lf) + Xo di () |}
+F{ cos @ —dyoos ' [ 4, Iy () + X, 2 omP) |
—sin (¢ —@ysin g’ [ 1,580 4y 1 G [} @)

M=r {sin 6 sin (¢ — ¢) sin ¢ [ Ylﬁ—(-k;ﬂ’*) + Yo i (Famp) ]
+ sin 0 c0s (' — $) cos ' [ 144" Cump) + Vo ﬁ—ﬁ‘%ﬂﬂ)]}
T 3{cos 6sin (' —g)sing [ 1, JL(%!M + Y Geum) |
+ cos 8 cos (¢ — b) cos ¢ [ Yy 0y’ (kymp) -+ Ya "‘—(’f}ﬂ@]}

+ SZ {~ cos (¢" — o) sin </,’[ Y :]L(,]%ml,’) R AV 4 (klmp)]

- sin (4 — $)cos ¢ [ Yy Game) + Ve 2 Em2 L a0)
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which yields the components Jr, J5, Jyp and M,, M,, M, respectively,

The magnetic and electric vector potentials are

dd¥ = _@7 {— ¥ [sm 6 sin (¢" — ¢)cos ¢’ {X J" (kymp)

+ X 'ﬁ—(k;ip)} sin 6 cos (¢” — ¢) sin ¢’ { x. (klmp)
re .
+ X 4 (k]mp)}] — 6 [cos 6 5in (" — ¢) cos ¢’
% {Xely? (amp) + X, 2lame))
P
+cos dcos (¢ — ) sin g { 5L 1 o)
>

+ ¢ [cos ¢’ — d)cos ¢’ {Xl J (eymp) + X, Jl_(k___lmp)}

—sin (4 —9) sin g’ { X, % (klm”) + X, &y Game) |}

X exp [jk p sin 6 cos (¢’ — ¢)] 3h

gikr . s i Sk
JAE = T {}‘ [Sln 6 sin (95 - S{’) Sln'?s {y-l ,1_£P11HP)

+ Yy &y Uamp)} + sin 0 cos (3" — ) cos ¢
J Fymp)
{ Y3 ' (kump) + plm } :l
+ g[cos Osin (¢” — ¢) sin ¢” { Y; {1(—'[;1@7) + ¥ I (klmﬁ)}
+ cos 8 cos (@' — ¢) cos ¢’ {Y3 I’y (kymp) - Yy ixﬂf;ﬂ’)”

+'5_6) [— cos (¢* — ¢) sin ¢’ {Yl % '—(Ifm‘f-) + Yo Iy (klmP)}

Fsin (4" ¢) cos &' { Xy & Geamp) + Jl(kmp) 1B

X exp [jkp sin O cos (¢ * — 4)] (32
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with . ,
= r — psin 8 cos (¢ — ¢).

Evalating grad div dd™ and curl dA4® iv the radiation formula, q. (14), and
substituting for Jy, Jp My and M, appropriately from egs. (29 and 30), the
diation from the end is given by
L3 b
— jedkr 2 e ,
Epy = /47"’ f f { — By, [cos 8sin (¢' — $) cos ¢

p=0 $r=0

{erl (krmP) - ~ Jl (/\;mp) }
+c0s 0 008 (4" — ) sin ¢’ { X, Jl("lm”) + X’ Geeme)} |
+0 k[ —cos ¢ —)sing' {1, Jl("”"”) + Y 21 (lame)}
o N R
i (4 — $) cos &' { ¥y Iy (kymp) + Y~—~p—-£2}}
+ Fapo cos (47— $)cos (X 1 lamp) + X, S lame) )
—sin (¢ — ) sin g’ { X, 72 ("“ﬂ”) + Xy Gkma)} |
+ <p k [cos 6 sin (¢" — ) sin ¢’ { A (k’mp) +Y, 4 (k1mP)}

+cos 0.c0s (3 — $) 005 ' { Y3 4" Gim) + Y4 ZJ—Q;M)}]}

X exp [jkpsin 6 cos (¢" — @) pdp dp’. (33)

In the ¢ = 0° the field Epem radiated by the free end by the m-th mode is
given by

—jkr
Epem"‘_]e f f{—@-— cos 0 sin 247 [)(l.fl(klmp)

p:o P'=0

X, J,

4 (klmP) + X, 5 (klmp) A+ X, J (/»1mP) ]

-
— 6 I—;sin 2¢7 [ Y, i(l%m”) + Yo i/ (kmp) — Yoy’ (kmp)
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Jy (Rymp)
K,p]

+ dopo ] cos? ¢ { X () + Xzﬁ(l‘we}

—sin? ¢ { Jl (ku’nP) 4 X4 J (k1mp) }]
e R 72 )
— ¢ kcos 8 [sm“ b {Yl .(Flmf) + Yo (k1mp)}

+ cos?é’ , oy S ke )
b cos?é {Y3 B Geme) + Yy 2L }]}
X exp[jkp sin 8 cos ¢'] p dp dg’ 34

which when evaluated yields

- e—Jk"'
Epem = ¢ - e J dem (33)
where
B (m = 1)
dem =B {5 = 1) |
. lgyn by, kkym, (bm Bm o
* { [ 4 \B, “t— ﬁm) Rl By we, I)CObB]FI
_ It _ {7m _ !\ bm P -
[Z(Bm B, wu‘,) kz(ﬁm e 1) cos 0] Fy
k ; b
[ e+ ) b (3 B 1]
(35a)
and
K= p{o p Jo (lkymp) J, (kp sin 8) dp
F, :,,I . 1 (kamp) Ty (kp sin 6) dp
Fy= pf_opjo (kump) Jo (kp sin 0) dp (359)
Equation (35) can be wrilten in a functional form as follows:
> gkt
Epem == By jfu (D) fum @ o

P
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() = 32T G6a)

k b
fm@= _[_%n %’i apg — Bm) + kkim (B:nn %Z; - 1> cos 9] F

_[é(ﬁm —‘% w/.LD) + g(%{i ‘i’:l - 1) cos 6] F,

— [%m (5m + _ZZ w#o) — kkim (ZZ 'i":l -+ 1) cos 0 ] F,
(36b)
2.3. Total Radiated Field: Surface plus End Radiation
The total radiation Epg: due to the cylindrical surface only for the m
modes will be

Erst = X Epsm 37

and the total radiation due to the end only for m modes will be
Eper = %‘ Epem- (38)
The total radiation due to the surface and end for the m-th mode will be
Epm = Epsm -+ Epem.- (39
The total radiation (end plus surface) Eptm for all the m modes wiil there-
fore be given by

Eptm = %' (Erm)
Epgp = é' (Bpsm -+ Epem)

5 o—ikr
Eom =3 55 B2 > {fin (A)Lfim @) fm @, 1)
% exp{j (B — K cos 8) Lj2} + J fom (D). (40)

3. RADIATED FIELD: SECOND THEORY

In the first theoretical approach it is assumed that the fictitious sources
of electric and magnetic current densities are distributed in space in an arbi-
tra1y manner and all the field quantities satisfy Maxwell's equations over

LLSc~9
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the volume of the entire space. When the electric and magnetic current
densities are confined to a surface S, which may be open or closed, co.
nected or disconnected, it is usual to refer to the fields £ and H on e
surface rather than the surface densities J and M. The surface fields ang
surface current densities are related by the Schelkunoff’s Equivalence
Principle.

3.1. Simplified Form of Vector Kirchoff’s Formula

When J and M are not restricted to surface distributions, the radiation
formula must also include the volume sources of current. In such a cagp
the field at a point in space lying outside a surface that encloses all the
sources of the field can be expressed in terms of the integrals of the field
vectors over the surface. This is given by the vector Kirchoff integral rela-
tion. which is as follows:

4rEp = — J‘jy![jw‘ngll — M X —(-’;-)Vt/f] dv

I ST Jou(n XEDY =@ XE) X V(- DYV ild

_.( ; )[s;qsv‘bﬂ' as + VPH. a5+ ...

Jwe
+ sg?v Yy H- dS] (41

where Sy, Sy,-+-, Sp are the surfaces bounded by the volume V.
. exp (— jkr’)
g = S

r' = Distance from P to any other point in the volume.
The expression for the H field is similarly expressed.

The method followed here to obtain the radiation due to the apertures
is the same as that outlined by James!. The radiation field at a distant
point can be determined by nsing Kirchoff’s formula, eq. (41). This equation
is transformed into a more usable form with the help of the system of co-
ordinates, and vectors shown in Fig. 2, where 4g, 4'q, 4g 4'g are the vatious
apertures associated with the dielectric rod radiator.

’

> ' .
p1  Vector from the origin of the coordinate system to the element & of
the aperture area.
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y, Unit vector from the origin to the field point in the direction (9, ¢).
y, Unit vector from da to the field point.
P1:1 = zcos O - psin @ cos (' — ).

The far ficld pattern is then given by the following expressions
E, = ;;?]’k [exp (“_}]\l)] . fsr {[(II x E) —qgFy X (n e H)]
>
xexp (fkp - #)} da 42

The simplified radiation formula for the far field can then be written ac,

Epp = k[(Lg® vin 8 + Ly® cos ¢) -t 74 cos (Lz™ cos ¢ — L,¥ sin ¢)]

43 a)
Epp = — k[(Lg® cos ¢ — Ly~ sin ¢) cos 0 — (9¢) (L™ sin ¢
+ Ly® cos )] (43 b)
where L¥ and L7 are integrals involving E and H.
L5~ J Elexp (ku - )] da @0
-
L = [ ] H[exp (jkpy - #1)] da (44 b)

and
1o = Free space intrinsic impedance = 376-7.

Here terms which are not functions of 8 and ¢ have been omitted.

3.2, Radiating Apertures

The hollow metallic, cylindrical waveguide supporting the unperturbed
Hy, wave excites the HE,;, mode in and on the dielectric rod. The dielectric
rod transports this surfaces wave from the launcher at the aperture Ag to
the end of the rod, aperture 4g (ithe apertures are shown in Fig. 2).

The larger cylinder of radius ' indicates the approximate bounds of
the surface wave, which in theory tend to zero at infinity and the end sur-
faces to this are A'g and A'q. The actual radiating aperture at the end of
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the rod is A’g. The total radiation is the vectorial sum of the radiation
from the apertures Ay, Ag and (4'q — Ag). The following assumptions
have been made:

(i) Since the dielectric rod is tapered to a point inside the H, mety
guide for the purpose of matching (tapering not shown in Fig. 2) the refiec.
tion coefficient I'y at the free end of the rod, being very small, can also be
ignored.

(ii) The metal waveguide at the feed end of the radiator is considered
invisible to the aperture radiation.

(iif) The fictitious sources in the free-end aperture are generated entirely
from the surface waves guided by the rod.

(iv) Radiation from the mouth of the metal guide Ag js assumed to be
into free space®? and the presence of the dielectric rod is ignored.

(v) Fresnel interaction between the apertures is considered to be negli-
gible irrespective of the distance between Ag and A’g 23,

L

METAL

BIELECTRIC
GUIDE ROD

Fgg. 2. Coordinate system for calculating the Radiation
i . . : .
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3. Radiation Field due to the Dielectric Apertures

451
3.3.1.

Field Components ¢ It is a condition of the vector Kirchoff”
formula that the integrands given in eqs. (44 g and 'b) must be in the Carte-
sian form. , Wi

Hence, with reference to Fig. 2, the field components in the
Cartesian coordinate system are given as follows (see Appendix 1). Inside
the rod, p< a,
k
B B {(1+ 2 Ty g, Geime)

by 7. 1
+ (1= F2 jan) o Geame) cos 2} e
Ey =B ym (1-

m'ym

B jwe ) Jy (feymp) sin 2¢7 ¢=7w®

Hy =B 552 (52 — ) J, (i) sin 24 9o
um {(

Ay =Bn 57 | e

—(tm

_ ~Yan2
B~ o ) Iy (kymp) cos 2¢° } L

Ym
Jo (k:
Fou, o( 1mP)

45)
3.3.2. Field due to the aperture Agq.:L® and L7 are obtained by
¢gs. (44 a and b) and substituted into eqs. (43a and 5) to obtain the
tadiation field at a distant point due to the aperture Ag
LxE —

J I Eg exp[jke sin 6 cos (¢’ — ¢) + jkL cos 8] p dp dp’
Substituting for E, from eq. (45)

f ]f {Bm Ky

(1 * B
P=0 ¢'=0

Joe ) -’o(klmP)

% exp [kp sin 0 cos (" — ¢) + jkLcos 0 —jme} pdp d’

f et g

Ty (keym p) cos 247
A By jwe, )

xexp [jk p sin 8 cos (¢" — ¢) + jkL cos 6 —jﬁmL]} p dp d¢
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The integral with respect to ¢’ is simplified and the [~llowing eXpression
in the ¢ =0° plane is then obtained:

L [Bmklm (1 bm._ “/m) 2 [ Iy Gamp)

Bm Jwre

pP=0

% Jo (kp sin 6) dp

k bm 7 :
— B (1 = g ) 2 [ o7 Gy (o sing
p=0

X exp [— j(Bm — kcos 6) L]

or
bn ¥ b,y
B m m — — i
Lo® = B e [ (1 g 72 Foa (1—3z Fm 1 |
x exp[— j(Bm — kcos 6) L] )

where

Lg = p_f: p Jo (kymp) Jo (kp sin. 6) dp (464)

Ba= 1 pJs(kume) J; (ko sin 6) dp (468)
Similarly,

Ly = PIG :f E, exp[jkpsin 6 cos (¢’ — $) + jkL cos 6] pdp 4/
BARVEA
which, after substituting for Ey from eq. (45), in the ¢ =0° plane reduces to
¢ 2m
by 7 ,
i B Sam 2 (10— g2 2 ) o e sin 26

T By jw €
p=0 ¢’=0 w J

X expjkp sin 0 cos ¢’ + jkL cos 8 — jBm Ll p dp d¢’
== 0 (after simplification). "
Again

= piao ¢.f.: Hy oxp [jkp sin 0 cos (¢' — ¢) ~+ jkz cos 61 p dp &’
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which in the ¢ =0° plane becomes

P
[ = f f B -’—’"—— ]ws).f2(/c1mp)s1n2¢

p=0  Pr=o
X exp[jkp sin 8 cos (¢" — &) -F- jkzcos b — jBm L] p dp dp’
=0 on simplifying. (48)

2w

L7 = Pjo ., Hu X0 Lkp sin 0 cos " — ) + jkz cos 6] p dp '

which in the ¢ = 0° plane becomes

e 2T
—[ [ {malr (2 + 522 st

p=6 @r=o

X exp [jkp sin 0 cos (¢'— ¢7) + jkz cos 68— jBm L}} pdpdp’

a 2m
- kym [ b Ym .
S J {80 B2 (32— 2) % Geam ) co5 24

X exp [fkp sin 0 cos (¢” — ¢) + jkz cos § — jBm Ll pdp di’.

On simplifying the inlegral with respect to ¢’

L b bm _ Ym\ g
Ly By, Joy, o [(Bm jw”‘ ) Iog -+ ( le’q) Iad:l
X exp [~ j(Bm — kcos §) L]. (49)
Inthe ¢ = 0° plane egs. (43 a and 43 b) reduce to
Epg = KLy + gk cos 6 Ly (50 a)
Epy = — kLy" cos 0 + 54 kL7, (50 b)

gubstltutmg for Ly%, L,®, L7 and L, from egs. (46-49), eqs. (50 a and b)
tcoms

Epga}=0 . &)
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Epga = — Bm kkym ”[([od - La) ('bB—Tn" .Vm cos 8 —%-"-L %)
m

Jwe

+ o — Ta)(c0s 6 + F2) 3, ]

+ exp [~ j(Bm — kcos 6) L]. )

The integrals Jog and Lg are of the Lommel integral type and their vahes
work out to be

Tog = m—_ikm [kim Jo (ka sin 6)J; (ki)

— ksin 8 Jy (kyma) Ji (kasin 6)] (520)
and

L = Tc‘zm—wakfémTeT [k sin 8.7, (kasin 8) J, (kima)
~ keyn Jy (kyma) T, (ka sin 0)]. (528)

Therefore the radiation field due to the dielectric aperture Aqg for the mh
mode is given by the following exptession
- e~3kr

Epam = — ¢

Epsa

that is,

.z etk e‘JkT (B (m >1) k kym 7a
Ergm = —¢ 7 B (3 (m = 1)} "om — KZsin®d

X exp[— j(Bm — kcos ) L] {[bm J’;m cos@—%*)o]

X Ly Jy (hym, @) {Jo (kasin 0) — J; (ka sin 0)}
— ksin 6 Jy (kasin 8) {J, (kym, @) — T, (klma)}]

Y. .
+ [cos 0—m m,] Ueom o (erma) {Jo (e sin 6)
+ Jy(kasin O} — ksin 8 J; (kasin 8){J, (kuma)

+ Ja Chema]} 53
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Since the field Epgm depends on the amplitude of the mode, the diameter
d(=2a) and length L of the dielectric rod it may be expressed in a func-

tional form as fOllOWs

Epgm = ‘15 T By gm (A) gim (d) gm (d, L) 4

where .
&m () = %T'((,;?j i /)')” (54 a)
gm (d, L) = exp[—j (Bm — kcos 0) L] (54 b)

_ Ky =d bm Vm by
8n D = = T ) | 0080 = 52 ]

B Jwe
X[km 5 (klmd) {Jo( kd'sin 0) Jz( kd'sin 9)}
— ksind (kdsm 6 { Am (klm }]
[ = o[ (s o %)
+Jy(*sin 0)1 - ksmé)Jl( 5 mo)
x {Jo(’-“? )+ a (559} (54
3.3.3.  Field due to the aperture. (A'q — Ag): The field due to the

aperture (A'q — Aq) can be obtained by inspection from the expression for
the field due to the aperture Aq, eqs. (51 and 52). Hence,

E'oga =0 (55)
pgd = — O kloym = [(1 ‘od + I'3a 2’" ym cos 0 —”)o)
I'ii— —Im
+ T'oa — I'yq) (cos 0 Feogee ’70)]
X (exp[— j (B — & cos 6) L] 6

Log = o __’Ez"ginz D [Kam Jo (kassin 6) H, Y (kyma)

— ksin 8 Hy (leyma) J, (ka sin 6)] (56 a
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Toq == /?mn——*gz-slﬁﬁ [k sin 0.]1 (ka sin 0) Hz(l) (kzma)

— kam Hy Y (kyma) J; (ka sin 6)] (56 5)
Therefore the radiation field due to the dielectric aperture (d'y — 4y) for
the m-th mode is given by the following expression:

> e—jkr
E'pqm = ¢ 7 Elpd:p»
That is,
, 2w Bm (m >1) ko, wd
E'pam = — ¢ *— B, {3 m=1 } 2 (K% — K507 0)
kzrm
" Bm
Kam, d
5 (Bt

—_— el — 7 —k 8) L].
H‘l(l) (kg,,g d)exp[ J(Bm cos 6) L]

w[%0 bm ym . o ,9,,]0] I:k2m H, ('132%‘?) .

[61 Bm jee

% { o (%isin 0) — 7 (%d sin 0)} — ksin 0 J; (’Lz" sin 0)

s () - o ()] oo 5]

x [ Tom H® (Ezﬂz@_d) (B sin )+ 1(* s o)}

o (Fine) e (B0 e (g )
&7

Noting the functional dependence on the amplitude of the mode, the dia-
meter d and length L of the rod, E'sq,, may be expressed as follows:

, > e—ikT z
E'sam =¢ =— B; gm (4) gm (d) gm (4, L) )

where
_ Bp(m>1)
em ) =F =1 (84
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gm (d, L) = exp [—j(Bm — kcos 0) L] (58 8)
kimd
. — k kom 77{]““7 k? 1m 5 ( 777)
Fom (@) 772(1‘ kR SinE ) P ]{(”(i\)md)

« _f|:fo Ymo Ymogep ,70] [kzm HW (Zczé'n. d)

Tl e Bay joe

A I‘dqno — ]‘dsm o ksin 67, (%sin e
{ J 2 )

e {Hﬂ(n (/nm(f) H® (Azmd) :|
* [coc b Iwﬂ J feam HV k%i{)
X{J<2gm@) - J><2 smﬁ)j

— ksin @ Jl( 5 sin 0) {Hﬂm (/fag@@)
7o (SO (s8)

3.4. Radiation Field due io the Metallic Guide Aperiure, Ag

In the ¢ = 0° plane, as obtainced by Jamies' the radiation field due
to the metallic guide aperture Ag is given by the following expression:

Eppg = (1 + ngg cos 0) Jl (x5} Jy (kasin #) sing =0 59)
i ,

Fogy = — (08 8 - nag) ( Z’T]ilﬁ s a () T (ksin 0) cos &
bk

which reduces 1o
) Dk , .
Eppg == — (€08 0 + 1gg) ,u.;.sz si_';lx g (%) J'y (ke sin 8) (60)
Gy
where

k= 2mx,, vy == ga = 1-84, -« - ag = Aof/Ng.
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To evaluate Ay, the following expression relating X to kg is used:
ky =k (1g° — nag™)"?, 1g = (eppp)*®
e, tr == Relative permittivity and permeability of the rod,
D = Excitation constant.

g = Wavelength in the metal guide.

To determine the excitation constant D the power flow Pg in the guide
is equated to the total power flow in the dielectric rod.

The power flow in the metal guide is given by
wD? Yy
Pe =" [T ()P (5® — D) )

To find D :
PG=Ptm:‘ 5 P

pm =m0t 1

Substituting for Pem
4 1i 2
. [, T

ag (%5* — 1)

S ez e

Hence the field due to the metallic guide aperture is given by the following
expression :

where!

—>eJ 2wk ;
Eog=—¢ “— By (cos 0 + nag), — = oy o ()

(1 - )

X 7', (kasin 6) | — 1o 1"
* [W”'mg (xs® — 1)]

“ {Z [{PZI ((n}:l: 1]) TP 'm]}lfz 63)
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It may be noted that the cxcitation constant D depends on the total
power flow in the dielectric guide which is the sum of the powers carried
by all the modes. Hence the excitation of all the modes has been considered.
I may however be cmphasised that the radiation from the metallic aper-
ture (i.e., feed-end) is single moded irrespective of the diameter of the
diekectric rod, i.e., irrespective of the presence of the higher order modes
in the dielectric rod. Hence the radiation fiecld from the diclectric rod
alone is considered to be the resultant of the contributions of all the modes
present, Tn a functional form Epg can be wriiten as follows :

> Jkr
Eep =3 S Bigs(d) g (4, ) 64
where y
gald) = (005 0+ mag) -~ oy T ()l
="
s : 4n, 1z
7y Geasin ) s )] (642
. Fm (@7%2 2 , 112
swa={3 [{(Bamo} 7]} 0

3.5, Total Aperture Radiation (Dielectric plus Metallic Guide Apertures)

The total aperture radiation at a distant point, P, due to the m-th mode
is the sum of the radiation fields, Epdsm and E pgm duc to the diclectric aper-
tre and the radiation field Epy due 1o the metallic aperture. Therefore
the total radiation field due to the m-th mode is given by the following
relation ;

Eom = Epgm -+ E'pdm -+ Eyy
that is,

> o-fkr
Epm =¢ - B, [gm (4) gim (d) gm (d, L)

T &m (D)2 om (D) gm (L) + 25 (d) g (4, )] 65

Hence considering all the miodes, the field at a distant point P(r,0,4) is
&ven by the following expression :

EPtm = %‘ [Epdm = E’pdm] -+ EPQ'
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Hence,

> o~ikr
Epim =

B, S gm (A) gm (d, L) [gvm (d) - Zam (D]}

e—jk’r "
+¢ e B g (d)g(4,d). (66)
o
1

L
10
Z;‘E‘m alAozr2
o
L|nozs op
Y A
i i
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i d
i i
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FiG. 3. Compaiison of the Theoretical Patterns of the Total Radicticn of (1) Single mode
rods (2) overmoded rods

Y Axis: —— Dielectric rod as a radator (Schelkunoft’s Equivalence Principle)
— =~ - ~ Aperture Theory
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It may be worthwhile to mention that both the theories lead to a radia-
tion pattern which is a function of the diameter as wzll as the length of the
rod, although there is some difference in the functional dependence.

4, DISCUSSION

Some of the theoretical radiation patterns compuied for both the theories
with the aid of an 1BM 360 computer are shown in Fig. 3 which exhibits

the following intcresting points:

()) The major lobe of an overmoded rod appears to be more irregular
as compared to that of a rod which supports only the dipole (HEi,) mode,

(ifiy The structure of the radiation patterns shows that the number of
side lobes is much less for overmoded rods than it is for single moded rods.
Itis also observed that in general, the side lobes are more suppressed in the
case of overmoded rods and their relative intensities compared to the main
lobe are much smaller than what it is detected for the single moded rocs.

(i) The appearance of higher order modes seems to affect the beam
width of the main lobe. For example, an overmoded rod (dfA, == 1-0,
LjA; = 8-5) has a beam width of 42° as compared to a beam width of 28°
for a single moded rod (d/A, == 0-8, L/A, = 8-35).

(iv) The side lobe peak appears to shift in the case of overmoded rods.
For example the position of the first side lobe for a single moded rod
(dAy =0-4, L/x, = 15-84) is 20° and for an overmoded rod (d/Ag = 1-6,
L, =6-19) is 37°.

(v) As the rod diameter increases the radiation from the free-end of
the rod as compared to the surface radiation increases. The gradual increase
has been very clearly shown in Fig. 4. This tendency of the rod to behave
more 'like an end-fire radiator is expected since the power flow in the axial
direction gets more concentrated inside the rod with increasing diameter,
The end and surface radiations, as regards their direction of maxima and
their db level as compared to total radiation, have been tabulated in Table II.

A}S the diameter of the rod is increased, the end radiation becomes more
promment and hence it is more reasonable to consider the dielectric rod
& 2 transmission line feeding energy from the source to the end aperture
whose bound is greater than the physical cross-section of the rod because
of the nature of the field decay. A study of the radiation pattern obtained
by the aperture theory shown in Fig. 3 shows
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SINGLE ~ MODED RODS

,‘lmnlz "HORNALISED (M=t}

|€,..:..l-2 NORMAUSED fm = 33

L I~ DEGREES
Fig. 4. Comparison of end and surface radiation with respect to the total radistion

(end plus surface) for (1) Single moded rods (2) Overmoded rods obtained
theoretically using the Schelkunoff’s Eqivalance Principle

Y - Axis — Total surface radiation with respect to total end plus surface radiatio
— - Total end radiation with respect to total end plus surface radiation
~==~« Total end plus surface radiation
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Comparison of the end and surface radiation as regards their direction of
maximum and their suppression

dfdg =16, Ljiy =619, m=3

End radiation/iotal radiation  Surface radiation/total radiation

Mode Direction dblevel Direction dblevel
of maximum of maximum

0° — 20 0° —16-0

HE; 0

HE,, 47° —13-0 38° —15-0

HE,; 0° —22-0 0° —19-0

m=3 HE,, 0° — 18 0° —13-0

(i) a more regular main lobe than that obtained on the basis of the first
theory for the overmoded rods ;

(i) a smaller beam width than that obtained previously;

(iii)-a noticeable divergence in the positions of the side lobes of over-
moded rods between the two thecories although there is a fair agreement
in the position of the main lobe;

(iv) a difference in the relative intensity levels of the side lobes bet-
ween the two theories for both single-moded and overmoded rods,

A comparative study of theory and experiment for overmoded rods
leads to the following observations regarding the analysis of the patterns
shown in Figs. 5 and 6:

(i) The aperture theory shows a good agreement with experiment regard-
ing the position as well as the beam width of the major lobe where all the
_HIOdes supported by that particular diameter have been considered ; whereas,
i the case of the other theory where the main beam is rather irregular tbe
agreement is rather poor, The peak of the main beam however shows
agreement with both the theories.

(i) Though the relative side lobe level differs between experiment and
the aperture theory even by considering a combination of the modes

118¢.-10
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Comparison of the theoretical patterns of the total radiation obtained by the fwo
theories with the experimental patiern for

(1) Single moded rods
(2) Overmoded rods
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APERTURE THEORY DIELECTRIC ROD AS A RADIATOR
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Fo. 6. Comparison of the experimental pattern with the theoretical pattern of the combined
modes (-_(? ;E,g, ) of overmoded rods obtsined by the ‘two theories.
a2, .

Y-Axis: —— HE ——— HEyy -+ HEy; - HEy5

11 N
—e HE!] +HE, ----- Experimental ] Theoetical



466 JavaNTI DILLT et af

there is a very good agreement as regards the position of the minor lobes
The minima do not show nulls but the same is observed for the expeﬁ.
mental patterns also. In the case of the first theory, neither the Position;
of the minor lobes nor the relative side-lobe levels agree very well.

(iif) In Fig. 6 the radiation patterns have been computed by adding
the modes one at a time. It is seen that the experimental pattern agrees
best with the pattern obtained by combining all the modes. For example,
the radiation pattern of the dielectric rod (d/A, = 1-4) shows that the HEI;
mode has a maximum in the axial direction whereas the pattern for the
combined modes, which agrees with the experimental paitern, shows a dip
along the axis and a peak of the main beam in the direction 8 = 14°, Ty
is probably due to the effect of the higher order modes. Hence the
existence of higher order modes is established (see also ref. 2).

It is worthwhile to compare the radiation patiern of single moded rods
(d/do<< 1-0) which support only the HE;; mode with the two theories,
Fig. 5 shows that

(i) there is a very good agreement between the experimental pattem
and the patterns obtained by the first theory;

(ii) the position of the main lobe and its beam width obtained experi-
mentally show very good agreement with the theoretical pattern obtained
by both the theories;

(iii) though the positions of the side lobes as regards their maxima
and minima show agreement between the two theories and experiment,
the relative intensities of the side lobes agree better with the first theory.

From the above discussion on the radjation patterns of single-moded
and overmoded rods the validity and limitations of the two theories are
obvious. Further, observations with the help of Table IIT can be made
where the experimental results regarding the first side-lobe level with respect
to the major lobe level and its position for some values of d/X, and Lf,
have been compared with that obtained by the two theories.

From Table II and Fig. 6 it is interesting to mnote that for
rods of diameter <<0-9 ), which support only the HE;; mode, the agreement
of the first theory with experiment even as regards side-lobe suppression,
is much better than it is with the second theory. Whereas, for rods which
support the higher order modes (diameter > 1-0 A;) the second theory

i
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TapLE TIT

Comparison of the first side-lobe level suppression and its position of maximum
obtained by the rwo theories with experiment

Position of first side lobe Suppression of first side lobe in db

Y Elo Experi- 1 I Experi- 1 I
mental theory theory mental theory theory
04 1584 20° 20 200 —4:4 —3-0 —4-733
06 13:05 29° 29° 29° —3:2 —2-9 —0-719
09 10-95 28° 28° 30° —3-0 —3.3 —1-02
1-0 9-53 28" 49° 24° —5-0 —~1:8 ~0-787
14 5-925 37° 30° 37° —3:6 —4-3 —4:62
16 6-19 31° 37° 31° —4-7 —4-1 —5-19

agrees better than the first theory. However a noticeable divergence of
both the theories with experiment at d/d,==1-0 is observed.

The validity and limitations of the two theories may be attributed to
the fact that there is a greater concentration of power inside the rod as df2
isincreased and the surface radiation, which is prominent at small diameters,
oW becomes insignificant in comparison to the end radiation causing the
tod to behave more like a transmission line with the free-end aperture
tadiating. ‘This greater concentration of the energy towards the axis of
the 7od is also evident from the radial field decay curvesl, which show a
fas;er decay and hence a higher radial decay coefficient for the overmoded
rods.

The set Fig. 7 shows clearly the divergence of the experimental results
from the first theory even if any of the possible combinations of radiation
from the end or from the surface or the total radiation from the surface
and end for individual modes or combined modes are considered.

It seems obvious from the above arguments that the rod bebaves
fore and more as an end-fire radiator as dj}, is increased beyond 09,
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{¢) Comparison of experimental pattern (0000) with
end plus surface radiation of combined modes and
_HEy, -~ ~HEyy + HEqp— 0-—HEyy + HE;, + HE;
(@) Comparison of experimental pattern (0000) with
end plus surface radiation of combined modes and
—HEy, - - - HEyy, + HEy 5, —o— HEB 3 X HE,, + HEy,
(¢) Comparison of experimental pattern (0000) with
end plus surface radiation of combined modes and
— HEy, ~=— HE,; -+HEy3,—0—HEy; + HE;3+HE;;
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HE
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surface radiation of combined modes

<X~ HEyy, ~—  HEy + HEy,
Seee HEy o+ HE;p + HEp,
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=0 12

POSITION OF MAJOR LOBE

Fig, 8. Position of major Iohe vs Bk
Y-Axis : —— Aperture Theory
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The nature of dependence of the far field characteristics such as the
position of the major lobe and its beam width can be probably judged from
2 plot of these factors vs. Bi/k where B, (vef. 1) is the characteristic of the
nearfield. This has been shown in Figs. 8 and 9.

APPENDIX

Field components in the Cartesian coordinate system for the HE,, mode in the
dielectric rod
With reference to Fig. 2 the field components in the cylindrical coordi~
nate system. for the HE,; mode in the dielectric rod are given by the follow-
ing relations, p < a,
E, = Bm [I‘p Ji (kymp) + g:’; Ymkim J' (klmp):l cos ¢’ g=Vn?

Joe

N , b 1 AN
Ey = — Bm Lk1m11 (kimp) + Bl;i sz)n;‘ J1 (kymp) :|s1n95 o

Ymk: ” b 1 . Y&
H, = Bm[ ;Z;lm I’y Ceymp) + 31:1 » Jy (k1mP)] sing e~¥m

Hy =B [ | "5 I, Cleimp) + 5™ e Gme) Jcos g’ e
ADn
Er and Ey are related to E, and £y by the expressions
Ez =E,co8¢’ — Eysing’
Ey = E,sin¢’ + Ey cos¢’. A2)
Substituting for E, and E, from eq. (A1) into eq. (A2) the electric field

components in the Cartesian coordinate system are obtained. The magnetic
feld components are determined similarly. These are given in eq. (45).
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