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Abstract

In this paper the radiation pattern of a rectangular dielectric rod excited by a metal waveguide is
theoretically derived from the two-aperture theory as well as by surface integration of the fields over

the entire rod applying Love-Schelkunoff’s Equivalence Principle. The theoretical results are compared
with the observed patterns,

Ky words: Dielectric rod, microwave frequencies, radiation characteristics

I, Introduction

Two approaches which are in frequent use in determming the radiation pattem of
surface-waveguides are by (i) surface integration of fields over the entire dielectric rod
and (ii) the two-aperture theory. In the former, the equivalent sheet currents are
determined from the tangential components of electric and magnetic fields over the
suface of the rod using Love-Schelkunoff’s equivalence theorem’, and from the sheet
currents the radiation field can be found out from the general radiation formula®. The
cond approach differs from the first in treating the surface-waveguide as a trans-
mission line and assumirg that radiation takes place whenever there is a discontinuity
dlong the guide. For most of the cases these discontinuities are the feed end and

free end of the dielectric rod.

In this paper we emphasize the two-aperture theory. The theoretical results obtained
With the other method will be compared with that obtained by the two-aperture theory.
Observed radiation patterns of different rods are also presented. The relative strengths
°f radiation fields occurrin g from the feed end and the free end of the rod have been

‘rmined experimentally.

2 Two-aperture theory
@) Mechanisp, of radiation
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and the diclectric waveguide of length L is plugged into the metal
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Fi. 1. Geometry of the mode transducer and the dielectric rod. MT = Mode transducer, DR =
Dielectric rod.

- If the dielectric material terminating the metal waveguide aperture were unbounds
in both x and y directions, the fields in the region z >0, which would have results
due to the excitation of the metal waveguide, can be expressed as a continuous sp-
trum of plane waves. When the dielectric rod is of finite cross-section in the xy-pla
a component plane wave undergoes multiple reflections from both the xz and yz mtr
faces of the dielectric rod. 1t is from the reflections of the various component plase

waves as a function of the ray-direction the mechanism of radiation has to be und
stood as follows :

(i) When the dielectric constant &, of the material is greater than unity some of te
rays undergo total internal reflections from both the xz and yz interfaces. Ther
will be no power flow across the xz and yz interfaces because the fields aF
evanescent along both y and x directions. These rays therefore sustain 10 reﬂf-fc“"?
loss at the interfaces and propagate without loss when the dielectriC material
therod is lossless. These are termed surface-waves havinga discrele SF™0
depending on the cross-sectional dimensions of the rod. These waves il rﬂl{h‘"
only when a discontinuity is introduced at any point along the length : I

rod which in our case is due to the sudden termination of the r0dat 2

ver
and z =0 where the dielectric rod is plugged into the rectangular metal ¥
guide.
. ; : efle¢
(11) Rays may undergo only partial reflections at both the interfaces. At ea;hcantd'
tion a portion of the energy leaks out from the surface of the rod aB
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butes to the far-zone fields and the resultant fields

: are due to the superposition
of the transmitted rays as a result of multiple reflections. perposit,

(i) There will be two classes of rays which undergo total internal

at the yz or at xz planes but not at both. These rays will als
on the far-zope fields.

reflections either
0 exert mnfluence

The rays classified in (i1) and (ii1) will decay away along the z-axis because of leakage
from the interface. These transmitted rays are a consequence of the feed end dis-
continuity of the rod and hence the radiation fields of these rays are called the
radiation from the junction of the dielectric rod and the feeder.

We now proceed to find out individually the free end and the feed end radiation
patterns. The resultant radiation pattern will be obtained by the superposition of these

fields.
(8) Feed end radiation

The rectangular metal waveguide is excited in the TE,, mode. The electric and magnetic
fields tangential to the aperture are given by

i
E, = wg“ cos (mx/a,) . (1)
H, =cos (nx]ay) (2)

The junction radiation field has been derived In a comnpanion paper [Part I,
Ref. 3. The resultant junction radiation field in the ¢ =0° plane obtained from

equations (41) and (42) of Part I is given by

2mjkocos0 ( 24 exp [j(p— k) a/2]
H:iunr.tinn — AnEr {— i (l — -R,'-;')

in (B, b/2) , cos(B.a/2)
X (1 + p) £ T ke )= (ﬁ, T

: — ipal2)
exp (jpal2) , exp( /P al ]
XTM(ﬁﬂO)[ &:__;E—-I- o, + JP

4 2Acos (B, b/2) Ty (ks B) P 1+ P: Ty (ks 0).

L
-

ba, (I — RZ) ky 1 — R:

: (3)
x exp [i(p — k.) a/2] } exp (— jkor)

Where .
o -171-1 (4)
A=T1 + 2, (k2 — k2) {o,b (B3 + €3 2D)}7]

Th ;
© Summatjons over B, and B, are understood.
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(¢) Free-cnd radiation

The magnetic fields of the E* modes* of the rectangular diclectric 1o

; d at
of the rod at Z = L in the regions I, 2, 4, 3 and 5 are given by the ffff-end

H,n — _Alwsﬂsrﬁz COS (ﬁ:x) COS (ﬁﬂy) exp (_jB;L)
Hxz = — A.weof. exp (Tayx) cos (f,y) exp (—jB,L)
Hxz = — Aawef, cos (B.x) exp (To,y) exp (—jB,L)

The angular spectrum of plane waves in region 1 is given by

ala bl2

FDI-(kﬂ k,) = _[ J H.:]. exp [} (kax + kyy + knoL)I dxdy

r==—qglz p==hl2

Cr

Fo (kes k) = — Asat, B, oxp [jkso — B L] 22

(511' P sin Q) (st sm S

Similarly in region 2,

F.Df.'- (k:s ky) + FD4 (kﬂi klﬂ‘)

Lio oD
= exp (Jjkzol) J;‘ [ i[ H_, exp {J(er + kry)} dx
y=—y2 ai2
—ai2
+ [ Hyexp ijlkx + k,p)} dx] dy

or

FDE (k:: k') + FD*I (kl’ kﬂ')

————

ab
= — A,wE,f, 7 °Xp [—«a/2 + j (k.o — B,) L]

Pl Ql

" [exp (—Jjka[2) L oXD jk,a/Z)][ 3%1_2_;_; siI; S ]

and in region 3,

F.DE (kxs ky) * FD& (km I\.y)

= — Aswtafls xp [~ b2 + j (koo — ) L] 22

. [€xP (—Jjk,b/2) | exp (jk,b/2)1[sin P , sin Q
<| Rt ||

®
(6
Yy

@

O)

(10
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where
P=(f. + k) a2
Q= (fs — kJ)aj2
R=1(B, + k) b/2
S =B, —k,) b2
Py = (o, + jk.) a/2
0 = (a; — jk.) a/2
Ry = (o, + jk,) b/2
S, = (o, — jk,) b/2
keo = ko cos 6 (1)

The fields at a large distance (k.r> 1) can be evaluated in the ¢ = 0° plane (k, =0
by the method of stationary phase and are given by

2njky,cos 8 :
Ht free-end — ° j4 0‘, r - CXp (__jkﬂr) [TDI (kn 0)

T TDB (km 0) + TDS (k.r: 0)] (|2)

Where T, (k;, 0) to Tp, k,, 0) are determined from the corresponding expression of
fp(k,, 0) and are given by [eqn. 11, Part I

Iy (k,, 0) =(1 — Ry,) Fp, (k,, 0)
Tpo (ke 0) = (1 — Rpy) [Fps (k,, 0) + Fpg (ks 0)] (13)

Tpa(ke, 0) = (1 — Rpy) [Fps (k,, 0) + Fps (ks 0)]

Where the Rp’s, the reflection coefficients at the free-end of the rod in different _regions
“an be derived in an exactly similar manner to equation (10), Part I and are given by

Rov = [e,8: (k3 — k2) — koo (B2 + BD] [e.8. (k3 — k) + Koo (B2 + BOI7 (19)
Rov = [B, (k3 — kz) — kepo (B2 — )1 [, (k3 — K3) + ko (B — o2]™ (15)
Ros = [B, (k2 — k2) — ko (B2 + B2)] [B. (k3 — Kk3) + Koo (B2 + FI™ (16)

Inserting the expressions for the Tp's from equation (I3) in equation (I2) we obtain

"9 =0 plane (ie., k, = 0)

i 2njkg COS(" exp (_"jkur) [(l - RDI) FD'_[ (k:l 0)

2 fran- —
TR 472p

+ (1 = Rpy) {Fps (ke 0) + Foa (ks 0)} + (I — Ros)

X {Fps (k,, 0) + Fos ke (0]} (17)
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The resultant radiation pattern is given by the superposition of the fields Obtaineq f
equations (3) and (17). fom

The constants A4; to A, in equations (5) to (7) are the excitation constants anq
Can

be determined from the residue term of the integrals of equations (13), (18) ang
respectively of Part I and are given by 9
4(D, D))?
A, = X Y Tyu(p. b,
1 mgugrB‘ M (ﬁ ﬁ ) (Is)
4(D: D)
AE — ( X Y) COS (B,G/Z) cXp (a@a/z) TM (ﬁﬂ! By) (19
waoﬁ# )
4(D. D)1
As = ( a:: 7 v) cos (8,b/2) exp (a,b/2) T (B,, B,) (20)
0rHa

3. Radiation pattern by Schelkunoff’s Equivalence Principle

Application of Love-Schelkunoff’s equivalence principle to dielectric rod radiators is
extensively described in literature® and will be briefly discussed.

The field components of the EY modes are written as :

E., = A,B.B, sin (B.x) sin (8,y) exp (— jBsc) ()
E,, = A, (B2 + B2)cos (B.x) cos (B,y) exp (— jB,z) @)
E. = — AB,Bscos (B.x) sin (B,y) exp (— jBsz) ®)
Hy = — Ajwtee, B, c0s (Box) cos (B,) exp (— jB.z) ()
H. = ~ JA,we,B, sin (B.x) cos (B,y) exp (— jB.z) ®)

o only thé

The closed surface of integration is shown in Fig. 2, the contributions due t
following surfaces being significant.

i) Freeend : —= g _»b b =
(1) 2<x<2, 2<y<2,z 0
(1)) Narrow walls : x = — q/2 and a/2,-——g<y<-§,—-L< z< 0

(ii) Broad walls: y = —b/2 and b2, —af2< X < af2, —L<2<F
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FIg. 2, Surface of integration.

-> -
: ' ents J and K are
At each surfaze the equivalent electric and magnetic sheet curt

> >
: i s (H, E) on
“Omputed from the tangential components of the magnetic and electric fields (H, £)

the Surface as follows -

J:an

(27)

> P
i

W 5
here s the outward drawn normal at the surface,
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o e S
The electric and magnetic radiation vectors (N, L) are computed ag fo);
OWs -

N =] 7 exp ko (Six + Say + CZ)] ds
. )
- -~
L=][ M exp [Jko (S;x + Sy + CZ)] ds
2 (%
where
S; =smn 0 cos
: ¢ &

SE =Sin 0 Slll qs
C =cos 0
S denotes the surface of integration and for the rectangular dielectric rod the mte

tions have to be carried_ out on five different surfaces mentioned earlier. The far-felg
1s given® by

» . 'Ik
Ey=12RIKD 11, (yfegyin ] 0
0

-> ->
Where L; and Ng are the 0 and ¢ components of L and N in spherical poli

coordinates and A, is the free-space wavelength.

Omitting the details of the evaluation, the field in ¢ = 0° plane (Ey =E, in ¢ =,
plane) 1s written as

. ) . : B
E, Jexp (— jkor) A, [(53 0 ﬁ;)azb_ 51nP+ %_Q) SI

2A,r P R

X (cosﬂ + ﬁ;‘c‘f_f%{) + aff, sm (R) T {ﬁ. cos 0 (Sil;P + 'SEQ‘—Q)

~Bsin (57 - S5E)) - 28 SR T8 4 ) cos B

X sin (kosya/2) sin0 — ko, B, sin (B.af2) cos (kos,af2)} | >

where
)
T =[exp {—j (k¢ — BYL} — 11 (koc — B (

. = ko
and P, Q, R, S given by equations (38), (43) and (44) of Part I with K.
k, =k, =k, =0 in ¢ =0° plane.

Pecti"’flf

In equation (32) the first, second and the third terms are the contributions res
from the free-end, broad walls and the narrow walls of the rod.
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L Numerical calculations and experimental results of radiation patterns

Radiation patterns calculated fr:om 'the two-aperture theory and Love-Schelkunoff’s
equivalence principle are shown in Fig. 3 together with the experimental
rSpeX (5, = 2°56) rods of different dimensions.

It is to be noted that ﬂ'}e length L of the rod appearing in the radiation patterns
of either theory will be different from the physical length of the rod due to three
reasons .

(i) There will be a change of phase because the mode on either side of the junction
between the feeder and the dielectric rod have different configurations,

patterns for

(i) A change of phase will likewise occur at the free-end of the rod.

(i) A portion of the dielectric rod outside the metal waveguide aperture has been
tapered (Fig. 1) for gradual change of cross-sectional dimension of the rod.

No correction factor has been introduced for the cases (i) and (ii). For the tapered
sction an equivalent length has been obtained as follows :

Let 1, be the axial length of th: tapered section and 1, be the length of the uniform
rod. Over 1,, B, will vary with z because of taper and the total phase shift over 1,

will be given by
Adp = ; B, (2) dz (34)

If B, is the propagation constant of the uniform rod the equivalent length of the
apered section is given by

1, = A¢ [Bs (5
Hence the length of the dielectric rod is given by
Eety i (36)

Tﬂ{ning now to the expression [Eqn. (3)] for the junction radiation Eatternj_ 11;_} 1sh:ct;it:e
“hile noting that the expression does not yield a null at 6 =0 (ie, P = ')h be
of the second and the third terms. In the case of surface-waveguides wh‘io:f?ilzion
Tepresented ag reactance surfaces, the application of impedance bou{ldarzr the feed
ﬁec?ssarily yields a null along the interface in the zeroeth ord_er'evaluatu:ln x5 Eaoe
fadiation pattern by the method of steepest descent path. This is re:fertrlf to et
Kara] lemma®, I the present case the appearance of a sharp CiP % - elexpe ount of
fadiation Patterns of some of the rods indicate that there is an appreciable am

-]: eld along the anegular rod and the
f 4 eld al g the int>rface of the rod (i.e., between the rect gtl r ;' i

trlf: fs ¢) because the dips are the results of interference between he junction and
ree-

; Zucker? that an
appres 2 Tadiation fields. Experimentally it has bec "b.sirﬁ:c: ” Zucker's experi-
PPreciable amoynt of junction radiation occurs 2long the mteriace.
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Fia. 3, Radiation patterns of rectangular dielectric rods (¢=:0° plane A,

an— e

- e



RECTANGULAR DIELECTRIC ROD AT MICROWAVE FREQUENC -
S 221

qent is repeated here to compare the strengths of the junction radiat; -
free-cnd radiation fields for some of the rods. ation fields with the

K Experimental determination of junction radiation fields compared to free-end
radiation fields

In this method suggested by Zucker” the amplitude and the phase of the radiation field
are moted as functions of the length of the dielectric rod. The set-up is show; i
Fig. 4. For measurement of phase, the received wave is compared with the referen:;
wave in a slotted line by noting the position of the minimum. For amplitude measure-
ments the reference wave 1s withdrawn from the other end of the slotted line and a
matched load is connected to that end of the slotted line. If the crystal obeys a square

2 02,
A tH |
3 i e .-:- 5 rE-{ é 7 4 & . ] , : l 10 (—
3€ | T
L R s e

FiG, 4. Experimental set-up for the resolution of the surface-wave antenna patterns. (1) Power supply
and square wave modulator, (2) Klystron 723 A/B. (3) Variable attenuator, (4) Isolator, () Hybrid
tee, (6) Isolator, (7) Tuner, (8) Mode Transducer, (9) Dielectric rod, (10) Electromagueiic Horn,
rﬂl) Slotted section, (12) Detector and tuned amplifier.

law response the square root of the output meter indication is proportional to the
amplitude of the received wave. The measurements are made for different lengths of
thC‘I‘Od (by reducing the length of the rod by small steps). The complex points lie on
acircle” whose centre is displaced from the centre of the polar plot by the amount
Proportional to the junction radiation field and the radius of the circle is proportional

0 the free-end radiation field.

f observation so that the radiation
determined. Owing to the labour
9 = 0° only and the polar plot
f theoretical and

The procedure can be repeated at all angles o

Pn?:t ®rns of the junction and of the free-end can be

iS S*:Ved we have measured the relative strengths at iy

ex own for one rod (Fig. 5), while Table I shows the comparison
Perimental values for some of the rods at 8 = 0%

For the lengths of the rod given in Table I, it is believed that the mutual coupling between

rafj:::-d ®nd and free-end apertures will be negligible. Hence the junction e:nd ;hni, f;nee-teli:aci
the stlon Patterns will be independent of the lengths of the rods. It 1s also vy
as '“Ngth of the quasi-near field which comes out of the first order term 1Iro :

YMPLOtic evaluation of the branch-cut integral Wwill te small at the termination o
e rods When the lengths of the rods are large (e.g., Table I) and hence the contri-
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Table 1

Relative strengths of the feed end and terminal radiation fields g1 ) 3.
. D= 4. Cms'

e

junction __ F (0) at
Etrge-ma T(0)2Y =0
alle blA L/4, e (0) . (Fig.
e g
0-635 0-545 12-4 0-65 0.5;“"*-
1-191 0-795 14-0 0-24 016
1-590 0-795 14-0 0-20 i

______—-——_ﬁ
--_*'

bution of the junction radiation at § = 0° as observed experimentally cannot be gy
to the diffraction of the quasi-near field at the termination of the rod as has pey
discussed by Zucker in connection with his experiment’. The fact that KapXay
lemma is not satisfied [Sec. 4] is related to multi-interface structure studied i g
paper. The theoretical values of the stremgths of the junction radiation relative
that of the free-end radiation are higher than the experimental values, probably dx
to the fact that the tapered section of the rod outside the feeder provides better mah
(i.e., higher launching efficiency) than that is assumed in the theory. The presen
theory also neglects any diffractior of the junction radiation fields at the termination of

the rod.

6. Gain
The power gain of the antenna is defined by

Maximum radiation intensity Uy (37
(Maximum radiation intensity of a reference
antenna with the same powsar input)

G =

If P is the power input to the test antenna and U, is the radiation inte}lsit? “;:
Jossless isotropic antenna with the same power input P, the total power radiated 0
a hemisphere 1s

P — 2?!Ug
Hence

Power input to the antenna is the total power carried by the
junction radiation that is,

P=P, + P,

(3

by

the
surface wave and
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30

~——

270

g =0:6352, b=0-5452

Fi6.5. Circle diagram for resolving surface-wave antennd patterns.

l|=3.2cms.
Toy| — & — 0%

and (47) respectively of Part 1. The maxi-

e test antennd has been found out theoretl-

“here P, and P, are given by equations (46)
To account for the modal

m = )
“m value of the radiation intensity of th

“ally from the expression of the resultant radiation .pattem- has been multiplied by the
Mtenvation of the rod the right hand side of equatiod (17)

: i rsfem of the mode
i - «L) where « is the modal attenuation constant in nepe |

: d values 10
Toer considerati ; : ompared with the observe
Table n_nslderatlon. Theoresical gains are comp
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Table Il

Gain of the antennas (0 = 3-2cms).

T. K. SEN?AND R. CHATTER)EE

alha blAa LiA, _ e &
Theory m
0-635 0-545 134 626 g
0-795 0-795 156 7-050 -
0-895 0-398 (35 6-735 -
1-191 0-795 15-7 6-894 -
1-590 0-795 15-7 6-490 264

____——_—_“\

The discrepancies between the theoretical and the experimental values are astribed
to the facts that the effect of the tapered section of the rod provides better match tha
assumed in the theory and also that the energy carried away by the junction ragir
tion field has jeen evaluated approximately [eqn. (51) Part I].

7. Discussions

It is observed from Fig. 3 that the experimental radiation patterns agree fairly well m

those predicted by the two-aperture theory but the agreement with the patm
obtained by Schelkunoff’s Equivalence Principle is not good. This disagrecments
however not because of the method but due to the fact that the correct field dsr
bution has noi been used in the theory. It is evident that near the feed end of (¢
rod, the fields on the surface of the rods at x = + a/2 and y = + bj2 arc & I
pure surface-wave fields and if the complex field distribution near the feed 1S ?»L‘Cﬂmi
the pattern is likely to agree well. However, unfortunately, the determination ® "
complex field distributions near the feed is far more complicated thaz t0 avu:cmulotd!s
the modification of the feed aperture radiation pattern in the presence of tllf!fmlIr
has been done for the two-aperture theory. It is to this extent that the two-3p-
theory is superior to the other method. The derivation of radiation patte/ bfy e
kunoff’s Equivalence Principle is approximate because it neglects any reflection 0 smm[t
wave from the free-end of the rod which however is small enough to affec! b

of the radiation pattern appreciably.

It may appear that the application of field difference method for

- . n
the radiation pattern for the feed® is simpler than the method used here. Bkl;owledﬁ
out the relative strength of the feed and free-end radiation patte{'gs tiO; which

1bud

of excitation constant is essential. The chopped surface-wave distr
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heen assumed for deriving the excitation constant in the above reference applies only

10 the case of feed apertures which are large in dimensions to encompass the surface-
qave field at least to e~ of its value at the interfaces.
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