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The problem of excitation of 11zultilayercd-graded-dielectric-coated conductor 
by a magnetic ring source is fornzulated in the ,form of a contour integrul which is 
.rolved by using the method of steepest descent. Numerical evaluation of launching 
efiiency 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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Recent investigations [I-41 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 quadratic or fourth-powcr profiles. Conditions also 
exist for which surface wave is not supported by the structure. 

The object of this paper is to determine the launching &ctency when 
a multilayered-gradeddielectric-coated conductor is excited by 2. concentric 
annular ring. It appears from the work of other authors [5-141 on the excita- 
tion of surface waves that the excitation problem for a multilayered-graded- 
dielectric-coated so~ductor has not been previously solved. 
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2. FIELD COMPONENTS 

h 
Assuming -- = 0, the field compollents (Fig. 1 a) are givelk by 

3P 

W E  
H+ = DE?) (ju'pf dwt9" 

which satisfy Maxwell's equations is the space p 3 b, probided 

( 4 2  =. - (f2 -i k') 

where 
y' = a  f jb and k h  O J ~ " ~ ~ E ~ G  

when the principal root is take for u'. 

r, 
FKI. 1 u. e f s c e  Wave Structure-Coordinate System. 

In order to excite the surface wave structure, a voltage Vdwt is applied 
across an ixEnitesimally narrow slot of radius c, cut in a perfectly conduct- 
ing screen in the plane z = O (Fig. 1 6). The same Eeld configuration is 
obtained by a filamentzry ring of equivalent magnetic current 2VB (p - c) 
8 (z), where 

0 

1 a (z) = - J e r z  dy 2Tr (3) 
-m 

m, the source of excitation consists of the superposed magnetic ring 
sources of current 
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a: 

FIG. 1 6. Excitation by a Mogixtic Ring Souice r =  slot width, Z8= si~rfaccimpedance, 
6 = structure radios, c - slot mdius. 

The field conlponents in the region 6 <  p 4 c are given hy 

Ezli = [DLH,(" (jq) + D, I$) (jup) ] dwt-'z 

which represent standing waves. 

The field components in the region p 3 c are given b y  

.Eznl = D,H$) ( F p j  up)~"'t-~z 

which represent 

(a) outward t~avelling wave for zs > 0, imag~nary, 

(b) inward b-avelling wave for u <  0, imaginary, and 

(c) evanescent wave for u > 0, real. 



By applying the conditions of continuity of H+ and discontinuity 
of E ,  by the current density VIP e-" across the mangetic current sheet and 
matching the surface impedance 

the excitation constants are obtained as, 

where 

vcu 
Dl - 2 H(u(jue): D2 = H?' (M 

4. FIELD EXCITED BY THE ~ U L A R  SLOT 

Expressing Dl and D, in terms of D', the component H$ becomes 
(i)  b <p < c 

Vw ee 1 Hill = --q H t i  (juc) [B7 H p  ( j y )  +- H y  (jup)]ejUt-~" 

Since the functions HIr1) @p) and H1 ce )  (jup) represent incoming and out- 
going wava, 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 c is given by [I21 
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5. EVALUATION OF THE INFIN~TE INTEGRAL 

Since u possesses two values k j ( k 2  t y 3 t  for every value of y ,  
the integrand in equation (1 1) is 8, 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 y = & jk, called the 
branch points. The branch-cut in. the y-plane divides the u-plane into two 
parts, each corresponding to one of the y-sheets. The contour of iv-tegra- 
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 = 0. The other sheet of the y-plane for which Re u < 0 is called the 
improper sheet. o 

The branch-cut equation Re u = 0 leads to a,B = k1k" which is a 
portion of a hyperbola (Fig. 2 a). As k" (which accounts for 
the losses in the medium) decreases the hyperbola (Fig. 2 b) becomes a 
portion of the ,8-axis (y = a + jj3) between zero and k', and the 
real axis in the right half-plane. The contour C, of the integral must lie 
entirely in the region Re u > 0, In? u = 0. 

The roots of 1/R, = 0, i.e., 

pH?' (ju'h) - u' Wt' (ju'b) = 0 (10) 

give the surface wave poles which lie on the j,8-axis at distances & (u's fp)t 
from the origin. As the dominant srrfs.ce wave mode is of importance 
and the evanescent waves can be ignored at a distance from the launcher, 
only two poles need to be considered. 

For z >0, the contour C, (Fig. 3) is represented by 

C, = - C, - Cb - 277 j  Z Residues (1 1) 

where Cb and C, represent respectively contours for the semicircle at infinity 
and brawh-cut integral. Sime the integral vanishes on C, for z > 0, the 
total contributions are from the branch-cut integral (which represents .the 
radiation field with a continuous eigenvalue spectrum) and the residues contri- 
buted by the enclosed surface wave poles. I n  addition to the su~face, wave 
poles, there are poles corresponding to  the roots of pure Re ,u< 0, and 
infinite number of leaky wave poles corresponding to complex roots with 

., . z  Re u <  0, which lie on the improper sheet. 
. I , .  



(b) 

Fm. 2. Branchsut in the yplane. 

In order to integrate equation (Il), the y-plane is transferred to $-plane 
by using the transformation y = jk cos $ where the complex variable $ = 
4- jn. 

The two sheets of the Riemann surface map into a connected strip of 
width 2n along the o-axis (Fig. 41). The condition sin sinh > 0 in the # 
plane corresponds to the condition Re u > 0 in the y-plane. The four 
quadrants of the y-plane map into region8 designated by Ti and Bt (i = I ,  
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pole 

FIG. 3. B~anch-cut and the Contour of Integration in the y-plane. 

2, 3, 4) respecblvely. The hyperbolas g~v mg the bl anch-cuts m thc 7 -plane 
map Into the dashed 11nes. The crosi-hatched reglons are the carrespond~ng 
repon? ~n the two figures. The or~ginal contour C can be deformed 
Into any conven~ent contour lu the cross-hatched leaon w~thout changing 
the value of the Integral since no poles wll  be captured. By using 

ju - - k sin 4, 
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FIG. 4 cr. Transformation of r-plane into $-plaue. 

FIG. 4 6. Co-ordinate system. 

and the coordinate transformation (Fig. 4 6) p = r sin 0, z = r COS 0 and 
also the asymptotic value for HI I" (kp sin $1, the component H#, becomes 

4 nkr sin 8 sin & 
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R,== - 
jk sin + H e )  (bk sin #) - p H/P) (bk sin $) 
p (HF' ( b k : i n ; t j r J k x $ X F  (bk sin $) 

and 

, H P )  (ju'b) 
P = -'I' (ju'b) Hz 

Using the method of steepest descants. Hpirad is determined as 

where 

and where the SDC passing through (- 0) is considered (Figs. 5 n 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 u = 0, 7 > 0 and u = Jr n, 7 < 0. The leaky wave poles lie 
on the improper sheet and a finite number of them may be encountered as 
the contour Cis  deformed into the section B,. The surface wave and leaky 
wave poles contribute only for a range 0 greater than some minimum value 
O,, since no poles are crossed for small values of 8, i.e., these poles are not 
significant in determining the radiation field. 

The radiated power P, is given by 

which reduces to 

where 2, is the free space impedance. 



PLG. 5 0. Plots of f; and f, in the R- + plane. 

Fmc. 5 b. Steepest Descent Contour in the +plane. 

8. EVALUATICN OF THE SURFACE WAVE FIELD 

The surface wave field is given by the residue of the poles of the inte- 
grand 

[Hf) (juc) $ Re H?) (juc)] HFJ (jyo) c?f2 

The poles are given by 

u Ht) (9) - p HF) (iub) = 
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which has thc root u = u'. The residue at the pole zr = u' 1s given by  

~ J U '  Kl (u'c) 
Res = - by -, j 6 , b )  ( -- 2 ) K~ (ZL' P)  @-" (17) 

where 
2 

j (u'b) - KOg (u'b) - K12 (u'b) -I- u,b KO (u'b) % (u'b) (1 7a ) 

The electric field component is given by 

E,, = Z'd ff*, (1 9) 

whexe, 

2, s - j u ' l o e  represents the wave impedailce of the surface 

wave. 

The total power carried by the surface wave is 

The launching efficiency de6ned by 

J's V e  = -- 
ps 4- p, 

gives, on evaluation, 

where 
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FIG. 7. Radiat~on plolsfor the source-excited field r,  = 0- 2 cm, 6 = r, - 0.4  cm, q = 5.0. 

For the case of an inhomogetieous dielectric the inhomogeneity 
factor appears while determining the root u' [4]. 



FIG G Plots Qf launchins e i e n c y  P, = 0.3 an, 6 = r,, F, = 5.0. 
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FIG 9. Plots of launching efficiency. r, = 0.1  cm, b = r,, E, = 5.0 

1.1.Sc.- 7 
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Fm?. 10. Radiation plots for the source-excited field. r, = 0. l cm, r, = 0.12 m, b =I, 
= 0.62cm, el= 2.0, d =  0.4cm-', c =  1-4b.  
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FIG. 11. Rots of launching efficiency for the graded rods. r, - 0.1 Cm, rs - 0.12 cm, 
b =  r.= 0-62cm. E, = 5 - 0 .  

Numerically computed values of radiated power, launching efficiency 
as function of different parameters, using as function of different parameters, 
using the IBM/360/44 digital computer are presented graph~cally in FIB. 
6-13. 



Fig. 13 
FIG. 12. Plots of Radiation Field. 
Fn?. 17. Launching eificiency vs. clb. Figs 12 and 13 are for the case of a conductor 

coated wi:h two graded dielectrics-in isotr~~ickedium.] r, = 0. l cm, r, = 0: 12 cm, r a =  
0.62crn.b- r., *,= 5.0,  d -  0.4cm-1. 



Dielectric-Coated Conductor 69 

The surface wwe characteristics of Harms-Gonbau linc are well estab- 
lished. The investigations [I-41 show that if the loss tangent tan 8, of the 
external medium is grcater than  the loss tangent tan 6, of the dielectric coat- 
ing of the H-6- line, the imaginary part b, of the  radial propagation constant 
u, bccomes negative, leading to a radially outward power flow which may 
be interpretted as loss of power by transformation of surface wwe power 
to radiated power. This  leads lo the conclusion that for long distance 
communication in which case the surface wave line may hzve lo 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 ,  whercas, 
lor a low loss dielectric coating i t  is of the order of 0.0005. 

The results of the investigations [I-41 including the present report show 
that 

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

(ii) For a conductor coated concentrically with two inhomogencous 
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 medium, rate of radial field decay increases with increase of anisotropy 
factor s = tZ/ep increase being more in the case of a conductor coated with 
inhomogeneous dielectrics. 

(iv) Rate of radial field decay is significantly infl~tenced by E ,  and s. 
The rate of decay is more as s increases up to a certain value of E,, there- 
after the ratc of decay decreases as E ,  increases further, which is due to thc 
effect of 6, on the nature of decay coefficient. The ~ a l u e  of the ratio o f t  = 
tan 8 /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 diEcrcnt cases show increased concentra- 
tion 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 c~onstant in the radial 
direction. 



- 

5 = $8 \ t ton = 6, 2-6 2 0.008 

t a n  bp = 0.000 
0 2 4 

FP 

t = 5.0 
tan 6,=o.ooor 

0 2 4 
'=P 

FIG. 11. Variation of a, urith f,. 

FIG. 15. Variation of a, with 4. r,= 0.1 cm, r,= O.lzcm, 5.0, S =  4. 
r = tan 6, Iran a,,. P' 

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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Division qf Power Flow in Different Media (As percentage of tofal powerflow) 
y, = O.lcrn, r, = @.12cm, r, = 0-62cm, E ,  = 5-0, E, = 3.0, s = E ,  / E , ,  

t, = 3.0 

Nature of the Structure -- 
p, (%) 

L Medium I1 Mediur 111 Medium 
(Dielectric) . (D~electric) (Outside) 

1. Conductor coated with two inhomo- 
geneous (fourth power profiles) dielectrics; 
external medium is homogeneous and 
isotropic 

2. Conductor coated with two dielectrics, 
the outer one belng inhornogeneuus (quad- 
rstic nmtilel: extcrnal medium 1s homo- - - -- - - - - - , , 
genwus and isotropic 

3. Conductor coated with two homogeneous 
dielectrics ( r ,  = 4. 8); external medium 
is homogeneous and isotropic 

4. Goubau line (case 2 or 3 without the 
the second coaling); external medium is 
homogeneous and isotropic 

4a. Goubau line with coating thichess equal 
to the overall coating thickness oi  the cases 
1, 2 and 3; external med~um is barno- 
geneous and isotropic 

5. Case 1 (with quadratic profile); external 
medium is anisolropic (s = 2.6) 

6. Base 2 (with fourth Power yrofile) external 
medium is anisotropic (s- 3.4) 

7. Case 3 with anisotropic external medium 
(s= 1.8) 

8. Case 4 with anisotrolic extcrnal medium 
( s =  4-2) 

67. Case 4 n  with anisotropic external medium 
\s= 5-0) 

t ric coating. - The overall attenuation is less in the case when both the dielec- 
tric coatings are inhomogeneous. Figure 17 shows a comparison of the 
attenuation constant a 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 dielee 



72 GLORY JOHN et al. 

FIG. 16. Compariso? of power flow. r, = 0.1 cm, r, - 0.12 cm, r,- 0 .62 cm, r ,  - 5 . 0 ,  
d =  O.Zcm-'. 

fThe different c a w s  (1) to (8 a) are as %ken in Table 1, with s = 3.4 in ( 5 ) ,  s - 5.0 in ( 6 )  
== 2.6 in (7), s -- 4 .2  in (8) and s= 5.0 in ( 8  a).] 



FIG. 17. Comparison of attenuation constants, r, = 0.1 cnl, r, = 6.12 m, rs = 0.62 c n ,  
r. = 5.0, d =  0.2 cm-l. 

(1) Conductor coated with two graded dielectrics. 

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

(3) Coilductor 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) lo (311. 

I. I. Sc.4 



uic-coated liw. So, most of the input power c m  be transfoinicd to sur- 
face wave power by a proper design of the 1z.uncher 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 developn1en.t of lower loss 
dielectric, befo~e a multilayered dielectric-coated cable can be utilised for 
transporting intelligence a t  super-high frequencies. 
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