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Abstract

The launching efficiency of surface-wives on a rectangular dielectric rod excited by a rectangular metal
waveguide is derived theoretically. Experimental results for launching efficiencies obtained from the
measurements of the scattering parameters of the junction between the launcher and the dielectric rods
following Deschamp’s method are compared with the theoretical results.
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1. Introduction

Theoretical determination of launching efficiency involves the solution of source excited
felds. The results available at presemt on the excitation of surface-waves on arious
siructures are mostly restricted to delta-function sources. A critical survey of the
exsstmg methods is given in the literature®®. The case of finite aperture as source is
dificult to solve theoretically. Rigorous solutions based on Wiener-Hopf technigues
have been applied only to the case of structures which can be specified as reactance
surfaces?»?, Unfortunately the above method is rather difficult to apply to a rect-
angular dielectric rod for which the surface reactance is a function of position on the
surface,

In this paper, a simpler method is adopted for the case of aperture excitation. Fron:
the unperturbed fields tangential to the feed aperture planes the angular spectrum

of the aperture j iv acing the rectangular dielectric rod in front
perture is derived. The effect of placing el i B ilis

of the aperture is to convert a portion of the angular spectrum cpnﬁ el
‘Vhfase axis coincides with the axis of the rod and whose semivertical ang.le 1S : Th w e;c
B, is the critical angle depending on the dielectric constant of the matf:nal 0 de 1_'010.
i f®maining portion of the angular spectrum between ¢, and =/2 is radiated In

: iation field can te
fée-space?, : : modes and in the radiation ek
P The power in the surface-wave e laniiching efficiency i defitied

Calcu[atad s l
-4 separately because they are orthogonai. _ e

ay Tt of the surface-wave power to the total power Crossing the feed aperti ]
thod verifies the theoretica

CXperimenta] technique following Deschamp’s m¢
results,
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2. Theory
Angular spectrum of the feed-aperture fields

The feed system used for launching surface-waves on a rectangulay dielectric ol
T

a rectangular metal waveguide of cross-sectional dimensions a, X b, (Fig. 1) exc
in the dominant TE,, mode. leg
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Fig. 1. Geometry of the mode transducer and the dielectric rod,
MT = Mode transducer, DR = Dielectric rod.

The electric and the magnetic fields in the aperture (Z = 0) of the rectangular metdl
waveguide are given by

E, = Wl m

p
H, = cos (nx/a,).

- cos (nx[ay)

Jf the spectral representation of H, at this aperture z = 0 is given by,
o )
Fy(k, k) = [ [ H,expj(k,x + k,y) dx dy
-0

. « o 25
then the field at any point in an unbounded dielectric medium (Z > 0) 1S obtained

dk,, d 4
H, (x,y,2) = 47:2 ff Ty (k,, k,) exp —jlk,x + k,y + kyz) AKes |

-0

where | "

k2 4+ k2 4+ k%2 = k2 = w? potet,
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the relationship between Fy (k. k,) and Ty (k,, k,) is to be found. The other field
an,dnponents are derived from Maxwell’s equations as follows:
o

1 *H,
E, = WE &, kg OX Oy

ki + k

4 H;
E’ - wsusrk;
£ = s, By 5)

T weE, Oy

H, =0

i 0H,
fia = = k, 0x

If R, is the reflection coefficient at the metal waveguide aperture (z = 0) the spectra
compogents of E, and H, at Z =0 are given by .

; 6
E, = f’*‘;"ﬁ (1 + Ry) Fyexp — j(kx + kyy) ©)
m
- : (7
H, = L 41;’")' Fyexp — j(k.x + k,))
At Z = 0 + * (8)
H _-__]_1;31 exp —j (k. x + k,»)
* 4n?
From equations (4) and (5) (9)
F__k—k §H2 exp — j (kox + KkyY)
2 Wee, Kk, 4T ,
‘ | Z =0 we obtam
From the conditions of continuity of E,, ind H, at
1—~R, k3K, :
P+ R,  Bk:—K)
or & ] (10)
R, = [B (ki —k3) — ky ?K,) [B (ki — K)) + ke
and (11)
Ty (k,, k,)=(1 —R,) Fy (ka» - e obtain
- W
Inserting H, from equation (1) in equatior (2) (12)
4n cos(k,as/2) sin U;: bal2)
FH (k.:: kr) — aa‘ _(_ﬁ/az)2 —— ki ¥
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(ii)y Effect of the fimte dielectric medium

The field represented by equation (3) is the field which will be present i an unj
dielectric medium terminating the metal waveguide aperture. If the dielectric Olngy
is finite in both the x and y directions (i.e., in the present situation, a rectangu;nm
a component plane wave will be multiply reflected by all the four sides of the rﬁfr
R, and R, are the 1eflection coefficients of the yz and xz planes respectively htb:d '
tant field due to an infinite number of reflections from the sides of the rod ,i; gi,.,;a;

oD

|
Hy=g [ | Tutkoks) exp (= jkez) lexp (~ k)

- 00

+ R, exp (]knx)] [exp (_jkﬂ y) -+ -Ry (jkuy)] .

a

From the continuity of B, (= uH,) and D, (= ¢E,) at x = 3 and E; and H, at y___';
respectively R, and R, are obtained as follows:

R, = (k, — p) (k. + p)? cxp — j (k.a) (14

R, = (k, — &) (k, + &q)cxp — j(k,b) (15
where

p =t [k5 — (ki —k3)]'? (19

g =+ [k — (ki — kD™ L

The fields in the regions 2 and 3 (Fig. 1) are respectively giver by

Ha=gm [ [ Tulk) 0. DYyrexp[jo — k) 3] 1 + 20

- [exp (— jk,y) + R, exp (jk,»)] - s
X exp [—j(px + k:2)] dk, dk, .

0

I b
He =5 [ [ Tutkoa k)0, D) texp jg — k) 3]0 + 20

¥ [exp (— jk, x) + R, exp (jk,x)]

(19)
X exp [—j(gy + k.2)) dk, dk,

where

)

Byl el @)

Dy=1-—R?
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- ik a
p, = Reexp (jK.a) )
p, = RH eXp (fkvb) (23)

_ a b (s
In the regions X > 5 and y > 5 the positive branches of p and g are taken to

represent outgoing waves. k, and k, are in gener;';tl complex and the integrals in equa-
ions (18) and (19) are to be evaluated in the complex plane.

(i) Evaluation of the ntegrals

The singularities in the integrands of equations (18) and (19) are the surface-wave
poles which are determired by D, =0 and D, = 0. Dealitg with even function modes
these are equivalent to

R, =1 (24)
and
R, =1 (25)

For surface-waves the fields in the regions 2 and 3 should decay exponentially as
ap(—a,x) and exp (— a, y) respectively. From equations (14), (15), (24) and (25)

wth p = — ja, and g = — jo, we obtain
a, = k, tan (a, a/2) (26)
e, o, = k, tan (k, b/2) (27)
where from equations (16) and (17) we obtain
0y = [(k — k3) — k]2 =)

0y = [(kt — k) — K5I -

Only positive roots of o, and %, are considered to ensure that the surface-wave should

b . -
a 1 ctively. Equations
decay away from the surfaces at |x|= 5 and |y] = 5 respectively. Eq

- od surface-
(%6) to (29) determine the transverse propagation constants of the allowad

wave modes of the dielectric rod.

Writing H,, from equation (18) as

oo (30)
Hyp, = U(k,, k,) (D, D,)™ dk, dk,
Wwhere
Ulke, k,) = TH-(iC'Lk')- exp [f(P — k) %] (1 +po)
pr-
g (
,y) + Ry €xp Ukry)] exp [—/j(px + ks2)] )

X [exp (—Jjk
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the double integral for H ., can be evaluated by the successive evaluation of tw
integrals” as follows: O Contgy,
H,= [ [ U, k) (D D,)"dk,dk, :
W B 2’

where I, and /, are two contours lying in the domains B, and B, where B

the domains of k, and k, respectively. U (k,, k,) is regular in the clOSEdt ;;i#:m
and B,. One contour is shown in Fig. 2. Applying Cauchy’s residue th::
repeatedly we obtamn Tem
H,=—4n*Z X U(B,, B,) (D, D,) — 2nj.
LI Ulkp k) (D)tdk, —27i T [ U(B,k,).
=1 =
(D, + || Uk k) (D, D) dk, dk,. 5

F1g. 2. Contour of integration,
Contour above Re (ky) is for x > 0, contour below Re (&,) is for x< 0
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The summation is for all values of £, and B, where B, and

: are th )
cendental equations (26) and (27) respectively and B, € roots of the trans-

’ aDl
Dz o HgE Ee=Bs
éD
Dr - y
. ak' }y,ﬂ’

Using equations (14), (15), (20) and (21) with p = — ju, and q = — ju, we obtain
. =2j(a + 2o77) (34)
and

Dy =2j[b + 2¢, (B3 + a3) {, (B + &} a)}]. (35)
- Inserting U (k.. k,) from cquation (31) in equation (33) we write

H.g =—4 BZ' ﬁz' TM (ﬁ.ﬂ ﬁv) (D; D:r)_l COs (B: ﬂ!Z) COS (ﬁry)

. exp [a, (a2 — x) — jB.z] : 2.; Z cos (B, y) (D).

By

| Tulhe BYDI (1 + pyexo) [(p— k) §—px — k]
I

b3S o amoron(3-)
B+
« § Tu(Bo k) (D)7 [exp (= jky 3) + Ryexp Giky M1 -

. exp (— jke 2) dky + 73 [ [ Tutkaky). @07
'y T: |

(1 + p,) [exp (—jk, y) + Ryexp Uk, )] -

. exp [— j (px + k, 2)] dk, dk, (36)
Integrals around I, and I, are branch-cut integrals around branch ponts (C and-C
hamely) 4k, = + (k2 — k22 and k, = (k3 — k22, AsymptotiC evaluation of
th?se integrals represents the far-field of the junction radiation. The ‘second and the
third integrals in equation (36) exert their influence in the far-field via the aperture

(l a b b - WY
x }-—i‘ — == A atonl‘
I 2 2,<y<2,2—0) illuminatt
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(iv) Evaluation of branch-cut integrals
We consider the first integral of equation (36) and denote it by . Henee

4 nj ’y— -
= — 1 2 cos (B, ) (D) [ T (les B (D).
By r

exp[ i(p — k)5 | (1 + ) exp [ j(px + K, 2)) k.

Let
4 )
Fo(k)=—7 n,f}’), f Ty (k,, B,) D* exp[ ip(p—k,) ;] .
¥ I“I
) bi2
- (1 + p)exp(—jpx)_ [ cos(B, y)exp (jk,y) dy.

(Using the spectral form and assuming that the fields in the region | y] >2 are very
small). Evaluating the integral we obtain

4 R
F, (k) = 2;,1-2?);*[ Sin (Rb/2) g Sin (sb/2) ] f T, (k.. B.)
X DY+ p)exp| (0 — kg —px | dk, 0
where
R=§ +k,
S=8,—k, 3
Then
Pressi f F. (k -
_2?1. :r( y)exp [_J(kyy + k.z)] dkjr

Ty _f Pf T (ke p | S22 4 5D

; 9
AL+ p) (D) exp [(P — k) ; —px —k,v—k, z] dk , dky. &

Evaluating the integral by stationary phase method (See Appendix) we obtam
2nk,, 2j
azr D b, T ke B)(1 + p,);c‘-’-

g [gm (}J;Zb/Z) sin (gb/2)] exp J [(p —k ).2... — ky ] ;

I
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fn a similar manner all the _branch~cut integrals are evaluated. The total far-field
cegion (2) 83 given by equation (36) is

.« Iulks B :

b
|
N
L ]
=
S,

p sin (Rb/2)  sin (Sb/2) .« L3 (B,, k,
X k. Ty (k.. ﬁr)[ ;T S _] JE D;ﬁD -

x cos (Buafn) | SLULD) . exp (e ]

o —JpP % + jp
exp (J(p —kJ)al2 4 .
p UKD oy ) 2ok e (k) )

Proceeding similarly with the equation (19) and evaluating the tranch-cut integrals the
far-field in region (3) is given by

2 kg0 { iy L (ke By) [ﬁxp(jqb/%) BKP(—'fqb/z)]
He =307 <k b, DL L oa, —Jg i a0, + jq

sl k) 4 ot — k) b2+ p,)

DD, Kk,
sin (paf2) , sin(Qa/2)
% [" P T 0 ]
| i(g — k) b/2 q
. ?xpff(gl e 2l +p,) ET.,(k.,k,)}-
exp (— jkor) e
where
P=g, +k, E:j;
Q L B: - kl'
() Lanuching efficiency
rface wave

' he su
the total power carried by t
re to be calculated. To calculate the total

e contribution of equation (13) 1s
to equation (33) and the surface-

To determine the launching efficiency
and the power radiated from the junction 2
Power carried by surface-wave fields the surface-wav
®valuated by the residue theorem in a similar manner
Vave field inside the rod is given by

Hy=—43% T Ty (B.. B,) (D: D) cos (B x) - (45)
X cos (B, y) exp (— JBe 2).
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The total power carried by the individual surface-wave modes in g

the .
1,2,3,4,5is Ve regi
al2 ¥i2 . biz2 —ai2 i
P,=4{ [ | EnHhdxdy+ [ dy (_| E,uH: dx
—gi2 —0I2 = — 00O

oo . al2 -bf2 .

+ [ EHupdoy+ [ dx ([ Ez H,dy el
0l2 —ai2 —O0 , -

+ .f Era H:s dy)}
dbiz [46]

where the asterisk denotes the complex conjugate. E, is derived from H, using eqy
tion (5). H., and H,; are obtained from H,, and H,; replacing o, and «, by — 1, af
— o, respectively. Only surface-wave contributions of H, are taken in the abow
integrals. Tntegral in equation (46) can be readily evaluated. Surface-wave mgy
are orthogonal to each other. The total power carried by all modes is the sup o
powers carried by each mode. Surface-wave modes are also orthogonl to radity
modes.

Total power radiated from the junction is

w2 o1

- > >
P,=1Re ef J (EXH).e r*sinf db d¢ @)

=0 0

-3
where e, is the unit vector in the r-direction and # and ¢ are the elevation and azimuth

s : . > -> _
angles in spherical polar co-ordinates. Components of E and H are given by equ¥
tions (5), (41) and (42). This integral has been evaluated numerically. Instcid of
evaluating the double integral the values of the integral are evaluated at ¢ =0 and

¢ =90°. Denoting the value of the integral by P, and P,, for ¢ =0° and ¢=%
respectively all write

wig _ (4
Peo =mnZ, [ |H,|*rsinf sec®f df

5 w2 ) (4
Pooe = nZy § | H,90° |2 rsin0 db
0
where A
Zo = (ofeo)1?
; 40) b
H,o» and H,,° are the total far-fields and are evaluated from equations (41) anfll (po)"'ﬂ
putting ¢ =0° (i.e., g =0) and ¢ = 90° (i.e., p =0) respectively. T0¥
radiated is® l
Prﬂ—u%(Po+P9t;)-
Launching efficiency is 8

M, (%) = 100 P, (P, + P,



3. Experimental procedure

The experimental determination of launching efficiency involves the measurement of

the scattering parameters of the composite structure, i.e., the mode transducer and the
dielectric rod following Deschamp’s method®.

() Scattering matrix of the composite structure

The experimental set-up is shown in Fig. 3. The complex reflection coefficients
have been measured with the aid of a slotted section for eight different lengths ¢/’ of
the dielectric rod. These lengths are taken in pairs 8, /,, 8,1, + =2 to B, 1, B. 1, + =/2
(8, = phase constant of the particular mode in the dielectric rod). These four pairs of
different lengths are distributed over half the guided wavelength (= 2=zB,7Y). The
points are plotted on a polar chart and a circle is drawn through them. The icono-
centre Sy; is found out from the geometrical construction (Fig. 4). The method of
finding out the elements of [S] has been described in the literature!® and will not be
elaborated here but we shall consider the case when the modal attenuation of the
dielectric rod cannot be neglected.

If « nepers/cm is the attenuation constant of the mode of the reflection coefficient
at the plane BB (Fig. 3) is given by

pr =exp (— 2al) expj (¢, — 2B.0) (53)

where ¢, is the phase of the reflection of the load terminating the diclectric rod (i.e.
the shorting plate). As the length */” is redused the locus of p; will spiral outward.
When o is not very large the points still lie approximately on 2 circle because they are

ements.

A/B, (3) Isolator, (4) Slotted line
(8) V.S.W.R, meter (P.R.D.).

R . ;
ke Experimental set-up for scattering parameter Ancasty

() Power gy Klystron 723

l , (2
(PRD), (5) PPly and squarewave modulator, (2) ng plate,

Mode transducer, (6) Dielectric rod, (7) Short
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Qe
£
‘3
P,
Pl
L& ‘
c' '\
]
P2
o i g i L 4 i 2 M
. ' — ) 0.15 p; 0%
Qy Q2

FiG. 4. Circle diagram leading to the evaluation of the scattering matrix [S] of the compostd
Structure a =0-895 %, b =0-398 A,, A, =3-2 cm,

distributed over only half the guided wavelength of the rod (A, ~ 25 "
the procedure described in reference 10 still applies if it is assumed that the

rod is terminated in a load of reflection coefficient p expj¢,. Hence [edn >
1S p| ()

AR PYE FWE
e 6
Sal =780 |
S, E? (36

‘Sﬂlz"" rlp!
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0

where

p =°¢€Xp (— 2ad). (57)
1f the experiment is repeated for two widely different en
different circles will be obtained because the load reflectio
due to the attenuation of the rod.

gths 7 and I’ of the rod, two
n coeflicients will ke different

Ifr, ', Su E, SpE’ are the corresponding values read from the two circle diagrams
we write

iy
g _ °On
|l =775 (58)
SyE”
g .. DU
| 8§32 ] T (59)
where
p =exp(—2al) (60)
' =exp (— 2al"). (61)
Hence
. saq-r) _ ISy E? |
. rSy EY o
or
] ¢S E°
_ £S5 | 63
: 2(1—-—1)’"[:"5_15"]'. >

Once L is determined from equation (63), the elements of [S] can te found cut from
tggmons (35) and (56). S,; can be directly read from either of the circle diagrams

11+

(ii) Scattering matrix of the mode transducer

The Scattering parameters measured in the above section represent the junction
Glane 44 in Fig. 3) between the slotted section and the composite structure.  To

out the elements of the scattering matrix of the junction betwecn'the moc!e trans-
ducer (MT in F ig. 1) and the dielectric rod (DR in Fig. 1) the scattering matrix of the
Wode transducer has to be determined. This has been done by replacmg ﬂ'}e dielectric
fod with a metal waveguide with a variable short. The cross-sectional fitmensxon qf
f-!'le Metal waveguide is jdentical to that of the mode transducer. By varying the post-
o8 of the shorting plate the complex reflection coefficients are measured and from the

?Cle diagram the elements of [M] the scattering matrix of the mode tramsducer are
ﬁund. to be

My =0-25 < 1-92 radian
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M,, =20-32 < 2-46 radian
M, = M,, =083 < 0-69 radian.

If [N] represents the elements of the scattering matrix of the mode — ,
dielectric rod junction we havel’ Fagg 4

Ny =(Sy — My) My Mg — My My, + Sy Myy) -
N]E‘. = Slg(l == N11M12) (Mlﬂ)_l
Ny = So (1 — My Nyy) (Myy)?

Nyy = Sz — N3 M (1 — Nanz)“l- (65

(iii) Launching efficiency

The launching efficiency #, of the mode transducer can be determined from the g
ments of [N] as follows:

7, (%) =100 | Nig [3/(1 — | Nyy |2) L. (

Both the theoretical and the experimental values of the launching efficiencies, the ée
ments of [N] and attenuation constant « of the rods are given in Table I as functos
of rod cross-sectional dimensions. For all the rods the mode transducer has t
dimension of RG51U. The calculated values of », are given in Table L.

Table 1

Comparision of the theoretical and the experimental values of launching efficience
at Ag = 3+2 cms

a b s 76
I; I; a db/m ' N“_ I | N22 l Theory Experimﬂlt
— - e
0+635 0-545 12-5 0-43 0-32 77-64  81°1
0-795 0-795 12-5 0-46 0-24 77-23 880
0-895 0-398  10-9 0-34 0-26 78-81  83°5
—————— i //

4. Conclusions

A few points are worth noting in Table I. The high values of | M i
tion loss from the junction of the mode transducer and the dielectric . the
it is realised that the simple form of tapering the dielectric material i0S!
waveguide is not adequate for reducing the reflection loss.
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The difference in the values ?f | Nl_l | and. | Nz | indicates that the junction between
the mode transducer and the dielectric rod is not lossless. This is indeed true because

there will always be radlati_on from the junction. In fact the junction car be treated
35 a three-poit one, the third port corresponding to the radiation from the junction,
The expcrimental results quoted m Table I have been obtaired by considering a two-
port measurement procedure. The radiation from the junction is completely lost in
free-space and following the method for a three-port junction!? and assuming that

there isno reflection from the termination of the third port the above procedure will
still yield the correct values of the elements of [N] as given in the table.

The discrepancy in the theoretical and the measured values of 7, is expected due to
wo reasons mainly, viz., the approximate method of finding out the radiated power

[eqn. 51} and ignoring the effect of the tapered portion of the rod outside the mode
transducer.
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Appendix
Evaluation of the integrals by stationary phase method

From equation (39) we write

_ 2j (A.1)
: 4n2 D d
where
. /) . sin (S/2)
; sin (Rb sin g]
P= [ [ Tt ) [T +—3
— 00 rl k ..]
X (I + p) (D) expl(p — he)al2 — px — Ry Y —Fs- _—
X dk, dk,
Changi“g the integration variable k, to p W€ write
% o . sin (Rb/2)
I e f pexp [j(p — kel 1 k., ﬁ,,)[ =
~k, D,
_m ._m
: . dp dk (A.3)
4 Sin (:gb/?-) ] (1 + p.)exp [—i(px + k,ly + k, 2)] dp aK,



208 T. K. SEN AND R. CHATTERIJEE

where k, is related to p given by equation (16).

Let
© 0 _ |
Ir= | | gk)expl—jlpx+ kyy + k, 2)] dp dk,

where

g(p. ky) =22RLLP — KA 1 i, p)

v [ sin (l;b/Z) + sin (.S;:/Z) ] (1 + p.).

In terms of polar co-ordinates we write
p =kysin( cos ¢
k, = kosin{ sin ¢
k, = kyocos(
x =rsinf,cos ¢,
y=rsindys0 @,

where (', ¢) 1s the direction of the ray and (r,¢,, ¢p,) is the observation point.

Thus

px + k, ¥+ kez = kor[sinf siné,cos (¢ —-~qbo) + cos 0 cos U q]

= ku rf(es ‘;b)

Changing the integration variable to ¢, ¢ we obtain

I'=k: [ [ g(8,@)exp[—jkorf (€, d)]sinb cos 8 db d.
The points of stationary phase are determined by

af(f, ¢)
=g

of (", ¢ _ 0
d¢
which yield
0 =0,
‘35 = qu
Hence the value of the integral is given by [Ref. 13 pp. 753-754]

—_—7 ; 2 i
I'=k%g(e0:¢o)8ineoCOSBoexP[ jk"rf(f °’¢0)] ]

(Ag

A3

(4.9

(A]

(Ad

(A

(A i)

(A0
(A. 1

(A9
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where
0% f
& = =as
o -] (A.14)
5 aﬂf l
= 313
od |o=s (A.15)
>*;f
7T 0009 jg=p, (A.16)
P=dpo
Evaluating «, 6, from equations (A.14) to (A.16) we obtain
| ¢ =—1
r=90
Hence
, 27 :
=" kg (00 $o) exp (— jkor) (A.18)
where
k¢0=kucoseo. (A'lg)
nserting g (64, ¢,) from equation (A.5) we obtain
2 njk,° 2j\ pexp[j(p —k.)al2]
I, =- - 1 g :
! 471:2:' ( ‘D:y k, D‘ TH (k:r ﬂl)
X1+ p,) [?’m (ib/ 2) 1. 28 (gbm]exp (— jkor) - (A.20)
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