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ABSTRACT

The problem of excitation of multilayered-graded-dielectric-coated conductor
by a magnetic ring source is formulated in the form of a contour integral which is
solved by using the method of steepest descent. Numerical evaluation of launching
efficiency shows that high value of about 90 percent can be attained by choosing
proper dimensions of the launcher with respect to the dimension of the surface wave

line.
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1. INTRODUCTION

Recent investigations [1-4] show that surface wave characteristics of
a dielectric-coated conductor are influenced considerably by the dielectric
constant, loss tangent and anisotropy of the external medium surrounding
the surface wave line. It is also found that surface wave power tends to
concentrate more inside the dielectric layers when the center conductor is
coated concentrically with two inhomogeneous dielectrics having radial
dielectric constant quvadratic or fourth-power profiles. Conditions also
exist for which surface wave is not supported by the structure.

The object of this paper is to determine the launching efficiency when
a multilayered-graded-dielectric- coated conductor is excited by a concentric
annular ring. Yt appears from the work of other authors [5-14] on the excita-
tion of surface waves that the excitation problem for a multilayered-graded-
dielectric-coated conductor has not been previously solved.

31



52 GLory JoEN ef al.
2. FiELD COMPONENTS
Assuming "Tp =0, the field components (Fig. 1a) are given by
= DH,® (ju'p) fe-vZ

E, ~—D H(”(]u p) elvt-=

Hy = i;’; DHP (julp) elt? )
which satisfy Maxwell’s equations is the space p = b, provided
W)= — 2+ k% @
where
y =a + jB and k? = wig g€y 2a)
where the principal root is take for u'.
AP
]
~ . .
¢
(v

Fig. 1a. S»urfacelVVave Structure—Coordinate System,

In order to excite the surface wave structure, a voltage Vel*is applied
across an infinitesimally narrow slot of radius ¢, cut in a perfectly conduct-
ing screen in the plane z =0 (Fig. 15). The same field configuration is
obtained by a filamentary ring of equivalent magnetic current 273 (p — ©)
3 (), where

36 = o f e gy } \ )

Hence, the source of excitation consists of the superposed magne'tlc ring
sources of current

In=Y36—oen @
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Fio. 1h. Excitation by a Magnetic Ring Source s= stol width, Zy= surfaceimpedance,
b= strocture radius, ¢ = slot radius.

The field components in the region b<< p<C ¢ are given by
Epy = [DHE (jup) + Dy HE (jup)] efot=

Epy = J%, [D, H® (jup) + DHY (jup)] efet-r=

Hyn = 25 IDHO(jup) -+ DHE ()] €17 ©)
which represent standing waves.
The field components in the region p > ¢ are given by
CEgy = D:;Ho“’ (jup) plwt-nvz

Ep, = :{ DL H® (jup) eivt-v2
we- - . s . )
Hyp = — DHS (jup) e?o57% ‘ (6

which represent
(a) outward travelling wave. for u > 0, imaginary,
(&) inward ﬁavel]ing wave for u< 0, imaginary, and
(c) evanescent wave for u >0, real,
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3. EBVALUATION OF EXCITATION CONSTANTS

By applying the conditions of continuity of H, and discontinuity
of E, by the current density V/= e¥# across the mangetic current sheet and
matching the surface impedance

L HP (ub)

Z= . i P
the excitation constants are obtained as,
where

Veu Veu
1= 4Pt Hm(]uc) Dy = 4 Hm (juc)
Dy = 3,31 [H® (juc) + D HP (juc)] G
D = Da _ PED (jub) — uH (jud)

D, = uH® (jub) — pH® (jub)
4. FIELD EXCITED BY THE ANNULAR SLOT

Expressing Dy and D, in terms of D', the component Hg becomes
BHbgpse
Ve . 1 . .
Hon = "(Z“G—L HEP? (juc) [ i B (up) + HE (jup) ]e]"’”z
(i) p =
V.
Hyyy = - %i HY (jup) [D‘ H® (juc) + HE (juc)] it ®)

Since the functions H;®) (jup) and H, ) (jup) represent incoming and out-
going waves, the term 1/D’ can be considered as the reflection coefficient R
at the guiding surface.

Thus the field excited by the annular slot of radius ¢ is given by [12]

Vwec

Hp = f HY (uc) [HS (up) + Re HE (jup)] &7 dy
Vwec @ ¢

Hy: ~ J 9 G 181 Gy + R 89 (1 e

®
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5. EVALUATION OF THE INFINITE INTEGRAL

Since u possesses two values - j(k%--y2* for every value of v,
the integrand in equation (11) is 2 two-valued function of y. The integrand
is made single-valued by supposing that the set of values of y belong to
two different sheets which have common points at v = o+ jk, called the
branch points. The branch-cyt in the y-plane divides the u-plane into two
parts, each corresponding to one of the y-sheets. The contour of integra-
tion is selected such that it remains on the proper sheet for which Reu >
0 which leads to evanescent waves or Im u < 0, which leads to outward
travelling waves and does not cross the branch-cut which is given by Re
u=10. The other sheet of the y-plane for which Re u < 0 is called the

improper sheet. .

The branch-cut equation Re u = 0 leads to af = k'k” which is a
portion of a hyperbola (Fig. 2 a). As &" (which accounts for
the losses in the medium) decreases the hyperbola (Fig. 2 b) becomes a
portion of the p-axis (¥ = o - j8) between zero and &, and the
real axis in the right half-plane. The contour C, of the integral must lie
entirely in the region Reu >0, Im u» =0.

The roots of 1/R. =0, ie.,
PpHP (ju'b) — o HP (ju'b) =0 ' (10)

give the surface wave poles which lie on the jf-axis at distances 4 (/2 Lk2)t
from the origin., As the dominant svrface wave mode is of importance
and the evanescent waves can be ignored ata distance from the launcher,
only two. poles need to be considered.

For z >0, the contour C, (Fig. 3) is represented by i
Cy = — Cy — Cp — 27 j 3 Residues (1)

where Cp and Cj represent respectively contours for the semicircle at infinity
and branch-cut integral. Since the integral vanishes on Cgfor z' >0, the
total contributions are from the branch-cut integral (which represents the
radiation field with a continuous eigenvalue spectrum) and the residues condtri-
buted by the enclosed surface wave poles. In addition to the surface, wave
poles, there are poles corresponding to the toots of pure Re u< Q and
infinite number of leaky wave poles corresponding to complex roots w1th
Re u< 0, which lie on the improper sheet.

"
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Fra. 2. Branch~cut in the y-plane.

6. METHOD OF STEEPEST IDESCENTS

In order to integrate equation (11), the y-plane is transferred to y-plane

by using the transformation y = jk cos ¢ where the complex variable ¢ =
ot jn.

The two sheets of the Riemann surface map into a connected strip of
width 2m along the o-axis (Fig. 46). The condition sine sinh # > 0in they
plane corresponds to the condition Rew# > 0 in the y-plane. The four
quadrants of the y-plane map into regions designated by T;and By (=1,
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Fie. 3. Branch-cat and the Contour of Integration in the y-plane.

2, 3, 4) respectively. The hyperbolas giving the branch-cuts in the ;-pl@e
map into the dashed lines. The cross-hatched regions are the corresponding
regions in the two figures. The original contour C can be deforn?ed
into any convenient contour in the cross-hatched region without changing
the value of the integral since no poles will be captured. By using

Ju = — k gin f,
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Fi16, 4 a. Transformation of y-plane into #-plane.

Fic. 4 b. Co-ordinate system.

and the coordinate transformation (Fig. 4b6) p = rsin ¥, z = rcos § and
also the asymptotic value for H, @ (kp sin ), the component H, becomes

Hp= "2 [ (mzmﬁp)*
<

X F (P k sin o e-dntt gk cos@hagy gy (12)
where

F) = HE (kesin §) + RHP (ke sin )
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Roe — Jksin b H® (bk sin ) — p H® (bk sin )
< p (HD (bk sin ) + jk sin o HSY (bk sin )

and
H W (Ju b)
= u
? O (B
Using the method of steepest descents, Hyyqq is determined as
E [ @ \F oo ik
Hyraqg = Vr (27(7) F(0) x 27957 13)
where
F(0) = F(— 0)= H® (— kesin 8) + R, H® (— kc sin §)
R 7k sin 8 H") (— bk sin 8) — p HP (— bk sin §)
¢ p H® (Zbk sin 8) — jk sin § H)Y (— bk sin §)
and

K = V4% Gy

and where the SDC passing through (— ) is considered (Figs. 5 @ and 5 b)

In addition to the contribution to the integral from the SDC, there
will be contribution from the residues of the surface wave poles which lie
on the lines ¢ =0, 7 >0 and ¢ = 4+ =, n < 0. The leaky wave poles lic
on the improper sheet and a finite number of them may be encountered as
the contour C is deformed into the section B;,. The surface wave and leaky
wave poles contribute only for a range 6 greater than some minimum value
B, since no poles are crossed for small values of 8, i.e., these poles are not
significant in determining the radiation field.

7. RADIATED POWER
The radiated power P, is given by

i 27
1 Z : 22 o
P,-::-fRev"; 9{) ¢_j‘; | Hgraq |2 #% sin 8 d8 dy (14

which reduces to

w2

) f F)2sinbde (15)
B
where Z, is the free space impedance.

P, ZO 7 (Vcwe
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Fic. 5b. Steepest Descent Contour in the g-plane.
8. EVALUATICN OF THE SURFACE WAVE FIELD

The surface wave field is given by the residue of the poles of the inte-
grand
HY (juc) + Re HP (juc)] HY (jup) ev®
The poles are given by
uHP (jub) — p HY (jub) =0 (16)
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which has the rool u = ', The residue at the pole u = u' is given by

25u & AR ;
Res = — 2 /1(%) (=2) Kwpen an
where
F@b) = K2 h) — KE@h + G KW Kws  (17a)

The magnetic field component of the surface wave is given by

K (e) Ky (@ p) oz
[/ — 1\ 1

Hys = 2Wwe (5 )( ) Why ey ¢ (s
The electric field component is given by

Bps = Zy Hys 19)
where,

Zy = — jo'|we represents the wave impedance of the surface
wave.

The total power carried by the surface wave is

jf T%Re [E,s Hg:1p dp &

=0  p=p

= 2 5 ey K (o)

Ty @0
9. LAUNCBING EFFICIENCY

The launching efficiency defined by
Py
P s + P, 7

gives, on evaluation,
2 K*(wc) 2 Ko .
[ﬁbz b @h) ]/ (55 sy +F 1] @n
where

f [Ry J; (cq) — b Y1 (@] sinhdd
Rl. ‘t’ L?

H=o
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. Ky (wb)

Ry =q Y, (bg) 4 u K, @B) Yy (bg)
K, (b
= 0q) + D), o)

Normalised power (Py)

@, deg
F16. 6. Radiation plots fo;
(Figures 6 to 12 are for the ca.

r the source-excited field = 0-1¢
se of 3 dielectric-coated conductor i

M, b= ry, c=2b, 6= 5-0.
0 isotropic medium.)
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F16. 7. Radiation plots for the source-excited field ry = 0-2 cm, b= ry= 0-4cm, = 5-0.

For the case of an inhomogeneous dielectric the inhomogeneity
factor appears while determining the root u’ [4].
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Fro. 10. Radiation plots for the source-excitedfield. 7, = 0-1cm, r,= 0-12cm, b=r;

= 0-62cm, ¢ = 5-0, d= 0-4em™>, c= 1-4 5.

[Figures 10 and 11 are for the case of a dielectric-coated conductor coated with a graded
dielectric—in isotropic medium. The profiles (1)-(6) are given by

(1) ea(p)= & [1 — d*(p — rp)]

(2) &2(p)= e sechd(p —~71s)

(3) ealp) = ey sech®d(p ~ry)

@ alpy= e[l —~d*(p —rd¥

Sy eal(p)= o[l —~d*(p —r)? — & (p — rpf]
(6) &)= &= 4.8].

gy
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FiG. 11. Plots of launching efficiency for the graded rods. ry~ 0-1cm,ry= 0-12cm,
b= ry=0-62cm, ¢ = 5-0.

10. NuMERICAL RESULTS

Numerically computed values of radiated power, launching ‘eﬁiciency
as function of different parameters, using as function of different parameters,
using the IBM/360/44 digital computer are presented graphically in Figs.
6-13
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Fro. 12, Plots of Radiation Field.

Fro. 13, Launching efficiency vs. ¢/b. [Rigs. 12 and 13 are for the éasc of a conductor
coated with two graded dielectrics—in isotropic medium.) ry= 0-lcm, ro= 0:12cm, ry=
0-62cm, b= ry, €, = 5:0, d= Q-4 cm™?,

Profiles:
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11. GeENERAL DISCUSSIONS AND (CONCLUSIONS

The surface wave characteristics of Harms-Goubau linc are well estab-
lished. The investigations [1-4] show that if the loss tangent tan §, of the
external medium is greater than the loss tangent tan 3, of the dielectric coat-
ing of the H-G line, the imaginary part b, of the radial propagation constant
u, becomes negative, leading to a radially outward power flow which may
be interpretted as loss of power by transformation of surface wave power
to radiated power. This leads to the conclusion that for long distance
communication in which case the surface wave line may have to be buried
inside the earth or submerged in ocean, the surface wave line consisting of
a conductor coated with a low loss dielectric is not suitable as tan 8 for a
typical marshy soil is about 0-29 and for sea water it is about 0+ 6, whereas,
for a low loss dielectric coating it is of the order of 0-0005.

The results of the investigations [1-4] including the present report show
that

(i) For a homogeneous diclectric-coated conductor coated concentri-
cally with another inhomogeneous dielectric, Re (1) is almost same as that
of Harms-Goubau line.

(ii) For a conductor coated concentrically with two inhomogeneous
dielectrics, radial field decay is not very much different from the above case.

(iii) In the case of a surface wave line immersed in an anisotropic dielec-
tric medivm, rate of radial field decay increases with increase of anisotropy
factor s = ¢,/¢, increase being more in the case of a conductor coated with
inhomogeneous dielectrics.

(iv) Rate of radial field decay is significantly influenced by e o and s.
The rate of decay is more as s increases up to a certain value of €,, there-
after the rate of decay decreases as €, increases further, which is due to the
effect of €, on the nature of decay coefficient. The value of the ratio of ¢ =
tan § /tan 8, does not, however, influence appreciably the rate of radial
field decay. A comparative study is shown in Figs. 14 and 15.

) (v) Division of power flow in different cases show increased concentra-
T.IOII.Of power inside dielectric layers in the case of a conductor coated with
two inhomogeneous dielectrics, the concentration of power being the greatest
for quadratic and fourth power profiles of diclectric constant in the radial
direction.
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Q{(Cﬂ’\.l)

L= 0.2 t = 2-6 t = 5.0
tGnb,: 0-008 tandy = 0.008 tan 54=0.0004
= Q. = 0.00 ta = Q.
o tan §p= 0-002 tan 6," 0.008 n 591 0.0001
¢] 2 4 0 2 4 Q 2 4
€p GP €p
FiG. 14, Variation of & with <.
t=- 02 t= 2.6 t= 5.0
fel  tan bq= 0,008 | tand,=0.008 | tan 85 = 0008
tan 8= 0.002 tan dp = 0.008 ian 8 = 0.014

Fro. 5. Variation of a; with €. ry=0-1cm, re=0-12cm, €= 50, s= &fe,,
€= tan & jian §,.

A comparative study of different cases are presented in Fig. 16 and
Table 1.

(vi) Attenuation of surface wave power flow is mainly due to ohmic-
loss in the conductor and also due to comparatively lower loss in the dielec-
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TaBLE 1

Division of Power Flow in Different Media (As percentage of total power flow)
= 0-lem, Fy = 0-12cm, ry = 0-62¢m, €3 =50, €, = 30, 5 —«, /e,
= 3-0

P, (%)

i Medium II Medivwr T Medium
(Dielectric) . (Dielectric) {Outside)

Nature of the Structure

1. Conductor  coated with two_inhomo-
geneous (fourth power profiles) dielectrics;
external medium is homogeneous and
isotropic Q-005 89- 126 10-869

2. Conductor coated with two dielectrics,
the outer one being inhomogeneous (quad-
ratic profile); external medium is homo-

geneous and isotropic 10-120 78- 685 11-195
3. Conductor coated with two homogencous

dielectrics (e3= 4-8); external medium

is homogeneous and isotropic 10- 006 79- 535 10-459

4, Goubau line (case 2 or 3 without the
the second coating); external medium is
homogeneous and isotropic 4-32 .. 95+ 68

4a. Goubau line with coating thickness equal
to the overall coating thickness of the cases
1, 2 and 3; external medium is homo-
geneous and isotropic 90-298 .. 9-712

5. Case 1 (with quadratic profile); external
medium is anisotropic (s= 2-6) 0-004 89-412 10-584

6. Base 2 (wnth fourth power Lroﬁlc) external
medium is anisotropic (s= 3-4) 10-323 81-986 7-691

7. Case 3 with anisotropic external medinm
(s= 1-8) 9+ 966 80- 823 9.211

8. Case 4 with anisotropic external medium
(s=4-2) 6-150 .. 93-850

§7. Case 4 a with anisotropic external medium
= 5-0) 93-302 .. 6-698

tric coating. - The overall atienuation is less in the case when both the dielec-
tric coatings are inhomogeneous. Figure 17 shows a comparison of the
attenuation constant o for different cases.

(vii) Launching efficiency tends to attain a maximum value for an opti-
mum value of the ratio of the slot radius to the overall radius of the dielec-
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Fre. 16. Comparison of power flow. r; = 0+1cm, r, = 0-12cm, ry= 0.62cm, ¢ = 5:0,
d= 0-2cm, .

{The gifferent cases (1) to (8 a) are as given in Table 1, with s= 3:4 in (5), s= 5:0 in (6}
s=2-61in (7), s= 42 in 8) and s= 5-0 in (8a)]
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Fro. 17. Comparison of attenuation constants, r; = 0+1cm, rg= G-12cm, ry= G- 62cmw,
&= 50, d= 0-2cmrl,

(1) Conductor coated with two graded dielectrics.

(2) Dielecrric-coated conductor coated with a graded dielectric.

(3) Conductor coated with two homogeneous dielectrics.

(4) Goubau line [cases (2) and (3) without 2nd coating].

(5) Goubau line [coating thickness equal to r; — r; of cases (1} to (3)].
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tric-coated lire. So, most of the input power can be transformed to sur-
face wave power by a proper design of the leuncher with respect to the radial
dimension of the surface wave structure.

As a result of the present series of investigations with reference to the
possibility of long distance communication of microwave power by cable,
it may be concluded that further work is necessary regarding proper choice
of dielectric profiles and their distributions, and development of lower loss
dielectric, before a multilayered dielectric-coated cable can be utilised for
transporting intelligence at super-high frequencies.
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