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ABSTRACT 

The swface wave characteristicw of a circular cylindrical conductor coated with 
at 	dielectrics have been theoretically studied. Six diffrent profiles E (13) 
of dielectric constant in the p -direction, viz., square, fourth power, exponential etc. 
have been considered. The results of analysis indicate greater concentration of 
surface wave _field within tlw dielectric media when the conductor is coated with two 
content?* radially stratified dielectrics satisfying square-law and fourth-power-law 
profiles. The at 	constant is also less contpared with that of a conductor 
coated with hontogeneous dielectrics. 

Key words : Environmental effect, surface wave characteristics. 

. 1 NTRODUCI ION 

RECENT reports [1, 2, 3] on the surface wave characteristics of a dielectric 
coated conductor immersed in an external dielectric medium show that 

(i) the dielectric constant of the environmental medium has significant 
influence on the characteristics of a surface wave structure, 

(ii) the surface wave characteristics depend on the ratio of the dielectric 
constants and also on the loss tangents of the inner and outer dielectric 
media, 

(iii) the surfa,cewave tends to become more strongly bound as the 
anisotropy factor (Ez /E0 ) is increased, and, 

(iv) under certain conditions of the relative dielectric constants and 
loss of the two dielectric media, the surfitce wave condition is not satisfied. 

The above conclusions were arrived by analysing the case of a single 
homogeneous dielectric-coated conductor. 	The object of the present 

paper is to present the results of theoretical analysis of the effects of strati- 
fication of dielectric constant in the radial direction of dielectric coating 
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when the surface wave structure consists of a 
cally with two dielectrics and immersed in a 

infinitely extended. 

conductor coated  concentri- 
dielectric medium which is 

2. WAVE EQUATIONS 

The vector wave equations in 	
different media 	(Fig. I) arc  

Med. 1 (ri 	P 	r2) 	

(I) 

3. DIELECTRIC CONSTANT PROFILES 

The dielectric constant variation in the p-direction is 

€2(J')' 	f (4`)1 

considered as 

(4) 

FIG. I. 	Dielectric-coated 	conductor, coated 	with 	a 	graded 	dielectric-coordinate system 
Med. 	1: ell  po  ; 	Med. 2: 	fi (p), po  ; 	Med. 3: 
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Med. 2 (r2  < p r3) (see Appendix A. 1) 

V 2  E 	[E 7E2(p 1  
E2 03) j -1-- ftli- E 2 (P)E =-- 0 	 (2) 

which can be simplified as 

E 1 ko 2  62 (p)E 0 	 (2 a) 

by assuming that €2  (p) is a very slowly varying function in which case the 

V E2 gradient term V [E 	----] can be ignored. It may, however, be 
E2 

noted that the approximation is not valid in the neighbourhood of the 
surface E 2  (p) = 0 (see Append ix Al) 
Med. 3 (p>. r3) 

A 2 E-Ek3 2 E--= 
	

(3) 

where 

k0 2 	w 2 p0 €0 , k1 2  = k0 2  Ei and k3 2  = ko 2  E3 . 	 (3 a) 

where 

p' = p-r2  and f (dp') is an analytic, monotonically increasing function of p 

satisfying the following conditions 

f (dp) = 0 at p rj 
	 (4 a) 

and 

0 < El (dpi (dp)] < 1 for r 2  < p < r4 
	

(4 b) 

where f1 represents the first derivative of I  with respect to p and d is a 

measure of inhomogeneity which is zero for a homogeneous dielectric medium. 

The following dielectric constant profiles (see Figs. 2, 3) have been 

considered. 

( 1 ) €2 (P) — €111 - d 2  (P - r2ri 

(ii) E 2  (P) 7=---  Ei [1 - d' (p 

(iii) E2 (P) 7= E l [I — d2  (P — r2) 2 	(14 (P — rat] 

(iv) E2 (P) :----- Ei  sech d (p — r2) 
(v) E2  (0 r---- el  sech 2  d (p — r2), and 

(vi) E.4  (p) = El  exp 1• d (p - raj. 
(5) 
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d (p-r2 ) 

FIG, 2. Variation of E2  (p/ et  with d (p —ra 
(1) 1 - d4  (p 	r 231  
(2) sech d (p 	r 2) 
(3) sechi d (p — r 2)  

(4) 1 — 	( p — r2)2  
(5) 1 — 	(p 	rat -- // 4  (p —r 2)4  

(6) exp I - dip — riffle 

iered in computing the variation of f2 
0.2. Since all the six profiles vary very 

The range of d (p 	1.2) cons 
as st (p 1 ) in Fig. 2 is 0 < d (p - r2) 

little over this range, only this range has been 
so that the approximation made 
is valid, 

in simplifying 
considered in the analysis. 
equation (2) equation (2 a) 
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FIG, 3. Variation of Et (P)/Ei 
(1) 1 — d'(p — r2r 
(2) sech d(p 	r3) 
(3) sech 2  d(p - r2)  

with d(p 	r1) 
(4) 1 	d2  (p — r2 ) 2  

(5) 1 - d2  (p — 1.0 2  — (14 (p — r2)4  

(6) exp [ - tfip 	rs)]. 

4. FWAD COMPONENTS 

The solution of wave equations in respective media yield the following 

field components when the mode of excitation is Eo. Med. 1 041--4<- fY. - 

Ezi 	[Alio (ail)) 	A2Y9(a ,  p)) e i  upt-fizi  
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jf3  [Alf (alp) 	Ad r  (a, 	
e ("-fiza 

a   

H col 	jai E E  [Ar il (a 113) -4-  A 2 Y (a, p)] e I _ )(tot -pz) 	 (6) 
a   

Med. 2 (r 2  p < rs) 

Liz 2  = [C1S1 03) ± C2s2 (p)] e apt-gz) 

E=--- 	1 [C 3 (P) + C2 S4 (p)] e j (wt-fizi 
p2 	(12  2 (P)  

fa' 6° 62 6°)  [C,SA  (p) 	C254 (P)1 S (wt- fl z1 	 (7) 
02 	a2 2 (p) 

Med. 3 (p r3 ) 

Ez3= DHO W  (:bhp) ei ( wt-43z) 

E03 	DH1 ( 1 ) ja 3p) S (wt -13z) 
a3  

= (116°E3  DH 1 " (ja3p) ei ( wt -gz ) 	 (8) Ho   a3  

where 

a1 2 =___ ki 2 	p2, a2 2 	k o 2 E2 (p) 	pz, a3 z 	pz 	k32 	 (8 a) 

and S, (p) and S2 (p) are the two independent solutions of equation (2 a) 
and are expressed (see Apeendix A.3) as 

(p) = cfi c (bp) 
is-0 

S2 (p) 	d n (bp) fl  + log (bp) . S 1 (p) 	 (8 b) 
n=0 

S3  (p) and 54(p) are expressed as derivatives of S 1  (p) and S2 (p) respectively 

S3  (p) 	
p r (p)] 

S4  (P) 	2 (p)1 p 
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where (see Appendix A. 3.2) the coefficients c n  and 4 and b depend on Ike 
physical parameters of the surface wave structure such as the radii, Ike 
dielectric constants of the coated media and the inhomogencity factor, d. 
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FIG, 4. Variation of the functions S i  ( p), S2 ( p), LS, (p) and S4 (p) with 

Profile : 	
Es (P) -- I 	tit (p 	r 1)2  

e t  
d O. 2 cm-I . r i  — 0- 12 cin ; 
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The variation or SI! 52' S3 and S4 as function of p for different c-profiles 

are shown in figures 4 to 7 for values of el 	0 - 2 and 0 - 6. 

12r 	 34( p) 

4 

ay.:1 

-2 

-3 
0 0.5 	4.0 	1.5 

_ 
03 	1.0 1.5 

-f 

FIG. S. Variation of the functions S i  ( p) „Si lt ( p) „V, ( p) and S4  ( p) with 

Profile : E2 - 	sech d(p 	r2) €1 
r 2 	0- 12 cm, 	dr - . 0-2 CM-I  
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FR; 7. Variation of the functions S!(P), S100, S3 (p) and S4 (19) with 

Profile • E2(p) 
n I - 414 (p e 1  

r z  = 0.12cm; 	d --n- 0.6cm-1. 
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6: CHARACTERISTIC EQUATION 

By using the continuity of Ez  and Ho  at p = r i, r3  and r3  and using 
appropriate field components, the following equations are obtained. 

(i) Al0 (air') I A2Y 0 ((le i) -= 0 

(ii) Ai (a 1r2) ± A 2 )'0 (aira  C1S1  (r2) C252 (r2) = 

(iii) (a 1,2) + A 3 Y (a ir a] + al  

X (r2)[C1S 3 (r2) C2S4 (r2)] = 0 

(iv) CASL  (r3) j C2S2  (r3) — DH0 12 ) (ja3r3) = 0 

(v) (r3) [C1S3 (r3) 	c2s4 (r3)] ± 	DI-4" )  (ja3r 3) = 0 	 (9) (43 

where 

e2 (P) 
(P) = - 	J)  = r2- 	 (9 a) 

a2 2  00) 

The ab3ve equltions lead to the following determinantal equation : 

Jo  (air,) 	Yo (airi) 	0 	0 	0 

Jo  (a1r0 	yo (aira 	— Si  (r2) 	— S2 (r2) 	0 

-El Ji  (airi) 	El Y1 (a1r2) X (tea S3 (r3) X (r 2) S4 (r2) 0 
al 	al  

	

0 	0 	 S1  (r3) S2 (r3) 	— H0  (') (ja3r3) 

0 	0 	jir (r 3) S3 (r3) :IX (r 3) 54 (r3) a3 E3  H1 (i  ) (Ara) 

0 	(10) 

which reduces to 

[ -a - K1  (a3r3) S2 (r 3) — X ("s) K0  (a3r3) S4 (r3)i 
a3  

x [X (r 2) S3  (r 2) F00(a1r2) I- 61  Si  0-2) F10  (a ir .4)] 
at 
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Es K1 (a3r3) 51(r3) — X (re) K 0  (a3"3)53(ral 
a, 

x IX (r2) S4  (r a) Fou (a, r2) + E-1  520'0 Flo (air2) j =-- 0 	(11) 
a, 

where 

Ifo m (ja 3r3) -- — 
2 j off  K o  (aor3) 

Him M ((M oro) = — 
2 K1  (a3r3) 	 (11 a) 
17 

and the functions Foo  (a ,p) and Fil (at) are given by 

Fn  (aip) --= Jr  (alp) .173  (airt) — J . (a,r,) Yr  (at). 	 (11 b) 

7. SOLUTION OF THE CHARACTERISTIC EQUATION 

The characteristic equation (11) has been solved with the help of the 

following two relations 

a1 2  + a3 2  .=- ko 2 (ei  — e3) 

and 

a2 2 -1- a3 2  = ko 2  (€2 (P) — €3] • 

The solution yields the radial propagation constants from which other 
surface wave characteristics are calculated. 

8. SURFACE WAVE CHARACTERISTICS 

The numerical calculations have been made at f = 9* 375 GHz for 
Et  ---: 5 .  0, co  = 81 54x 10-14  farads/cm and vo  = 47r X 10-° henry/cm. 

8.1. Radial Propagation Constants 

The variation of al  and ao  with 
different profiles. The variation for 
8 and 9. It is found that 

€3, d and 1'31,42  has been computed for 
square-law profile is shown in Figs. 

0) the radial propagation constant al  decreases with increasing E3 
and r3/r2 . 

(ii) a1  increases gradually with d. 
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(a) r l  = 001 cm, 	r2= 0'15 
(b) r i = O. 2 cm, 	r2  = 0-3 cm. 

(iii) a3  increases for smaller values of r 3fr 2  and then decreases after a 

certain value of ea  iNd 
(iv) a, decreases with € 3  for larger values of r3 /r2  and decreases gradually with d when f :s  r`d 
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The calculation of radial constant a 2  (p) for E3  = 0'2, 1.0 and 3 . 0, = 5 -  0, r1 = Os 1 cm r2  Os 15 cm, d= O .  3 cm-i and for a fourth order 

profile shows that, 

(i) 02 (p) does not change much with p; 

(ii) 02 (p) has a value equal to that of a l  at == r2  and decreases very 
slowly as p increases. 

(iii) a2  (p) decreases with ea  and r3/r2 . 

8.2. Phase Constant 

The calculation of the axial phase constant p by using the relaton 
(a3 2 	k3 2)"2 = (k1 2 	al2)/2 

= Ro2 E2(p) a2 2  WW 2 	 (12) 

shows that (Fig. 10), for sech (dp) - profile, 

(1) /3 increases and tends to attain a constant value as E3 and r3/r2  
increases 

(ii) /3 increases with d. 

It may be noted that (3 is constant in medium 2 unlike a2  (p). The 
behaviour of fl for square-law profile is found to be of the same nature as 
that of the sech (dp) profile. 

8.3. Phase Velocity 

The calculation of the axial phase 
[1 — d2  - 	d4 	r2)41 profile 
cm and d = 0'38 cm-1  shows that 

velocity 	v = w/fi for E2  (p) = El  

and 	for 	ri  = 0.1 cm, r2  = 0 . 12 

(i) vp  decreases with increasing 	E3 and r3/r2 ; 

(ii) vp  decreases with d. 

8.4 Guide Wavelength 

The calculation of the guide 
exponential profiles of which only 
show that 

wavelength Ag colfl for square-law and 
the latter case is presented in Fig. 11, 

(i) Ag decreases and tends to attain a constant value of about 1.5 cm 

as E3  and r3/r2  increase; 

(ii) Ag decreases slightly with d, 
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8 . 5 Surface Reactions 

The surface reactance of the structure given by 

a, 	K0  (a3r3) 
Y =re  

Wee E3 	(a3r3) 	
(13) 

has been calculated for the square law and the fourth-power-11.w profil es  

for r, -
= 0.1 cm, rs 	0, 12 cm and T3 	0.62 cm. It is found that 

(i) Xs  decreases rapidly with E 4  and is affected very little due to chang e  
in d. 

(ii) The surface reactance in the case of the fourth
-power - law is 

slightly higher than in the case of square-law profile, 

9. POWER FLOW 

The power flow in different media is calculated by using the Poynting 
vector and appropriate field components. 

In medium 1 having dielectric constant E l , the power flow in the axial 
direction is, 

A y4 1 * 2  7r2r:kfcati31.--) 1 0 1 2  iF00 2 (a2P) 	F10 2 (a1P) al  0 

Pot: 

- 2 
F00  (a,p) F10  (alp)] 

alp 	

} 

 
Pet,: 

04) 

where 

Foo ((LIP) and F10  (aip) are given by equation (11 b). 

The power flow in medium 2 is 
2r 	vs 

PZ2= e 1  R f f Ep 2 H;)2 PdP (44  
0=0 f) rs 

7"Li fofiC1C1 * G1 2  (P) PdP ( 15) 

where 

(p) = S3 (p) C S4 00 C = C2/ c1 
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which is derived by using boundary conditions and appropriate field compo- 
nents and is given by 

C ' C2 __
-Cc __ 

[ E2F10 (a, r2) S. (r2)_+ X (r 	al Foo (aira S3 (r2)] 
Eifio(air 2) S2  (r2) ± X (r2) aiFoo (air?) S0(r2) 

Similarly, 

si 	
) 

CICI * 	[ A iA i * G o  0.0 Y 0 (a1r2  

(16; 

(17) 

where 

G o  (p) = S i  (p) H C S2 (P). 

Hence 

Foo (air0 	2 
PZ2 == A lA i *ITCO EoP [ - 00  (r 2) 110  (a ITO 

ra 

f e2 (p) G1 2  (P) 
ae(p) 

p= r2  

p (18) 

The power flow in medium 3 is 
2 	co 

1 
Pz3 = "2  Re 	Leo 	p dp d# 

0=0 rera 

which yields 

PZ3 = 2cy63  DD* r3 2  [K0 2  (ao ro) — K1 2  (aoro) 
74„,43 2  

2 
K o  (a3r3) K1  (a3r3)] 

a3r3  

where 

qr  2 Go  (re)  Foo  (a1r2) 
DD* 	 — 

2/ 	Ko  (aoro) G o  (r2) Y (ai l)
] A 'Ai*.  

Hence 

Ind co eail IG0 (r3) 	Fo  (air.) - - I 
2 

A IsA i* F (aoro) 
P" 	2a3 2 	Go  0.2) Yo  (6r 2) K (a or3) 

(19 a) 

(20) 

where 

F (ao ro) r3 2  (K0 2  (a3r3) 	K1 2  (a3r3)± 
2 

aaro  
K o  (aro) K1  (two)]. 

(20a) 
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The percentages of power flow in different media with respect to the total axi a  

power flow Ptot = Pin -I-  PZ2 ± PZ3 have been computed for different 

dielectric constant profiles as functions of E 3  and r3/r 2 . Figure 12 shows  

the results for square law profile. It is observed that 

(1) Pz1  and Fin increases but Pn  decreases with increase of f a  

(ii) Pz2 tends to attain a constant value as Es #-* E. 

10. POWER Loss 

The power loss is calculated by taking 
conductor and dielectric losses in respective 

The power lost in the conductor is 

into account 
media. 

ohmic loss of the 

2' E° 61) A A * a. 1 Pic  =-- Rsc 71.  (----„Tai 
 

2r 1  

which is obtained by using the relation 

2T 

RSC 	r 7 7 r 7  1 
Pie = Re f—f .  f trio. niitosi }Pan r1d96 

o 

(21) 

(22) 

where Rsc , the surface reactance of the conductor is given by the relation 

R2C = ( 7°) * 	 (22 a) 

The power lost in the dielectric medium having dielectric constant E l  and 
loss tangent tan 8 is 

2T IT 
Ph =if I adEi  1 2  p dp (10 	 (23) olzo Para 

where 

at = €01 tan Si 

and 

1E11 2 =1  IEzi1 2 -1- IEPi 1 2, 	 (23 a) 

The equation (23) is evaluated to yield 
Phi  = TECO Co El tan 81  A,A,* (1 + p2/a 2) x 
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x 1.-5
2 

{F00 2  (aiP) F10 2  (aiP) 
2 ( 192  

ail, k al2  + 62  ) 

 

tar, 

Foo ((IA Flo (a1P)} 

 

(24) 

similarly, the power lost in medium 2 is given by 

2  , 

	

1)1 2  /rani tan 8, GC.* je E, (p) {G0 2  (p) 	
P 

a2
4 
 (p) kir 

 kpd p dp  

pars 

(25) 
and the power lost in the external medium is 

2t0E.E3  tan 83 	 a3  2) [ 
1, 21 	 2 DD* r3 2 	 ka,r3) 	(Ivo 

77 	 a3 2 

2 	r
R2 

K (a,r3 13r3)] 
:3r3  $82 __ (132 	

) K (a 	 (26) 

1 1 . ATTI.NUA noN CoNsiANI 

The attenuation constant of the surface wave line is obtained by ung 
the relation 

Pt 
a -= 

2 Ptot 	 (27) 

where 

Pi --- Plc ± P11 + P/2 + /PL 

Ptot = total power flow. 

The attenuation constant has been calculated for lines having different profiles. 
Figure 13 shows the variation of a with respect to E 3  for different values of 
tan 8 and for square law profile. ft is observed that a increases and then 
gradually decreases for small values of r 3  and it decreases for large values 
of r3  as 63  increases. 

12. 
CHARACTERISTIC EQUATION FOR A CONDUCTOR COATED WITH Two 

HOMOGENEOUS DIELECTRICS 
In order to compare 

the surface wave characteristics of the above 
cases with the characteristics of a conductor coated with two homogeneous dielectrics the characteristic entulf ..Cln Ant kn.— re ___ 	 vt - -1- -I. ' 4 ',4L 11" 	ormect as 10110%4 S. 
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E g K (a3r a) Y1 (a 2r3)] 
[e3 	(a3r 3) Yo  (azr3) 1  62  a3  

145 

x  et. r 
La J 0  (a2r2) Fuo  (a112) JJ.  (1.12162) F00(a112)] 

IA 2 

E2 K ta3 
	1 
r 	(aor3)] 

[E3 K1 (a r 	a2r3 	- 0 k 	- 
_ 3 3 0 () 	ag a3  

X 	Iro (a2r2) F10  (a1r 2) 62 	z„ 
r; 	 k (" 2162) 00 kairo] == 0 

V  
"2 (28) 

by using proper boundary conditions at the interface between media I and 2 
and appropriate field components. 	The field components in medium 2 are 

Ez2 = [C1,0 (a2P) + C2 Yo (a2p)jei (wt-pz) 

Ep2 = j1:2 [Cdi(a2P) -I -  C2 Yi (612/0] eit(Wt4Z) 

/WE e 
H = 02 	o 

a 6. [CA (at) C Y (a2p)] el ovt 
2 	

2 	_fin (29) 

which are obtained by solving 

V 2  E ko 2  E 2  E = 

and utilising Maxwell's equation. 

The characteristic equation has been solved by using the relations 

a1 2  = a3 2 	ko 2  (El 	E 3) 

a2 2  a8 2  = 	(€2 
	 (30) 

to yield values of the radial propagation constants al , a2 , a, and also p, )g 

and vp  (Figs. 	14 to 16), which show that 

(I) a t  decreases with e 2  and E3 	
SIP 

(ii) (12 and a3 decrease with c 3  but increase with E 2  

(Hi) 13 increases with E 2  and E3  

ONO Ag and l'p decrease with increasing t 2  and €4 
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r t 0.225 cm 3 

r3  s 0.30 cm 

0.1 

0.2 

0 
U 	 2 	 4 

63 

FIG. 13. Variation of a with E3 

Profile : ---/-31 --L-- I — d2  (p - r 0 2  el  

(a) ,-1  = 0.1 cm, 	rs  = 0-15 cm. 
(b) 1.1  = 0.2cm, 	r i  = 0.3 cm. 
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4-91 4  
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1 
3-0 

3 	---c  1. 0 	 2.2 .,.. 	1.6 

— ---- — — —.2-2 xe,...0.- ..._ ..., . ...... 
 	3-0 	

. 

4.2 	 a  4•8 

1 
€ 3 	riSb1/4- 

	4 

Fm. 16. Plots of II and vo  for a homogeneous case 
0- I cm, ta x  = 0.12 cm, rs  = 0 . 62 cm, ei  = 5.0. 

13. POWER FLOW AND ATTENUATION CONSTANT OF THE HOMOGENEOUS LINE 

The power flow fin and power lost Pi, in the second medium are given 
respectively 

27rtu co  € 2
2 
 i3 r 

	

Pz2 CiCi* 	a2 	[G 00 2  Ole) G10 2  (a2P) 

	

2 	 r 
GOO (a2P) Glo (a2p) 

(31) ail) ipar, 

where 

	

Gro  (a2p) =--- Jr  (app) 	
C2

yr (at) 	 (31a) 

Pi2 trio € 0 E 2  tan 82  Ci Cis  * ( I + 22) 
a2 

X 
 I

2 
-2—P  { G00 2  (a2P) 	Gi 0 2 (12P) ( -- -182  ap 	 ) 2 a2 2 4_ /32 

) 
X G002 (122/4G10 (a2)i 

fpor. 	
(32) 

4 	 3.6 
	4.2 
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Using the expressions (14, 20) for power flow and (24, 26) for power Joss 
in media 1 and 3, division of power in different media and attenuation 
constant are evaluated. The results are shown in Fig. 17. The dielectric 
constant of the second dielectric coating is Ei  (I — 01)4) which is compa- 
rable to the gradually varying inhomogeneous dielectric pi ofiles. 

it is found that of all the six different cases, the fourth power profile, 
shows the best behaviour as far as the concentration of power flow is concerned, 
but the attenuation constant is more in this case than the other cases. 

1 
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20 

Pzi 	 ...---o... 

....------aw 
P1.30 	- ._,------ ... ------ - 	

sm.  .... 
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-------  a  

1 	2 
0 	 3 	4 	5°42 

E 3 

FIG. 17. 	Plots of P, and a for a homogeneous case 

ri  = 0.1cm, 	fit  re- 0.12cm, 	r3  = 0.62cm, 	ti  = 5.0, es  = 4.8. 

14. CONDUCTOR COATED WITH Two GRADED DIELECTRICS 

The two profiles that have been considered are the 

(i) Quadratic profile, and 

(ii) fourth-power profile. 

The dielectric profiles in both the media are (Fig. 1) 

Case (i) quadratic profile 

Med. 1 VI  < p < r2) 

el (P) = 61 [ 1  + d2 (P —  r1) 2M 1  -3- d2 (r2 —  r1) 2 1 

S.. 

4 ' 
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Med. 2 (rs  p < r 4 ) 

€2 	= €1  11 — 	ra 2). 

Case (ii) fourth-power profile 

Med. 1 (r i  p 

	

(p) = e t  [1 + (Id 	r 091[1 	d4  (r, 	r 1 )4 1. 

Med. 2(r4  p r3) 

f2 	= 41 [I 	(14 	rale 

Hence for p =r 

Case (1) ei (P) = Ea! ± (12  (r2  — ril 

Case (ii) ei (P) = Eiiil -I- d1  (r2  — rirl 

For p = r2  

: case (1) c1  (p) = E2 	= €1 

Case (ii) (p) = E 2  (p) = el  

The wave equation in medium I is 

V 2 E+ko 2 e) (p)E=---0 

which yields the following field components 

En  = ['Mir (p) ± A2R2 (P)] dein-pp) 

= 110[11 1R3 (p) ± A2 R4 (P)1 ej futh-pz) 

H 	J-1°- e°61 (P) [A R (0) ± A R (p)] ea upt -M) _ 01 = 	 [A I  R3 . 	2 4 (p) 

The functions Ri  (p) and R2 (p) are the two independent 
wave equation and R3 (p) and R4 (p) arc the derivatives of 
respectively, with respect to p. 

(33) 

(34) 

(35) 

(36) 

solutions of the 

(p) and R 2 (0 

The axial and radial propagation constants are related as 
a1 2  (p) = k02 Et (P) 	P 2  

a2 2  (P) = ko 2  €2 (P) 	13 2 
a3 2 = 13 2  — k 0 2  E3. 	 (37) 
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By using proper boundary conditions and appropriate field components, 
the following characteristic equation is obtained 

[

63  K1  (a3r3) S2  (r3 ) .- A' (6) K (a 3r3) S (r3)] L a 

x [A' (r2) 53 (r2) P9(r2) 	Y (r2) S1(r2) P1 (r2)] 

where 

[€3 K1  (a3r3) S (r3) S1  (r3) — X (r3) K0  (036) S3 (4)] 1 03  

x [A' 	S4  (r P (r2) 	(r2) S2 (r 1)1 (r2)] 7= 0 

Po (P) 	R1 (r1) R2 (P) R1 (P) R2 (6) 

(P) R1 (r) R4 (P) — R3 (P) R2 (r) 

X 	= E2 (P)/a2 2(P) 

Y (P) 	El (P)ia1 2  (P). 

(38) 

(38 a) 

The characteristic equation has been solved with the aid of the following 
two equations : 

a1 2  (p) I 03 2  = keel  (p) — E3 

a2 2  (p) -1- a3 2  =-- ko 2  €2  (p) 
	

(38 b) 

The solution of the characteristic equation yields a l  (p), a2  (p) and 03  from 

which p
, 

vp  and Ag are derived. 

The power flowing in medium 1 is given by 
r, 

Pg1 --= 'Jew 	€1  4))  111--2 (I))  i  	pd 
at4 	Pi! 	P  

P=rs 

where P1  (p) is given by equation (38 a).,The power lost in 

is given by 

(39) 

the conductor 

Re 
a Pic 	ItC { RSC  2  

2 r 

I [Hot  Hot  *jp-r, MO 

0 

which yields 

rwee ei  0-0 Pi  (r1)1 2  
Pic = A141 *  n • a-- , 2 	R2 fro  (40) 
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• . 

FIG. 18. Variation of Pa and a with cj  
(a) single-graded dielectric-coated line 
(b) doubly-graded dielectric-coated line. 

Power lost in medium 1 is 

r2 77. (0€0  tan P i , r 	__ 	I  A 1 4 * 
in (ri ) 

Pa rs 
(P) 

132 
(P)[ 13    pi 2  (p)ipdp. (41) 41/24 (p) 
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Profile : Quadratic (doubly-graded). 

Flo. 19 b. Variation of Po and Psi with Es  

= 0.1 cm, r, 0. 12 cm, r a  = 0- 62 cm, d 0. 2 cnr i  

Profiles : Quadratic (doubly-graded), 
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The power flow and power lost in mdia 2 and 3 are given by equations 081 
(20), (25) and (26) respectively. The division of power flow in different 
media and the attenuation constant are determined as in previous sections, 

The results of numerical computations are presented in Figs. 18-22. 

In Fig. 22, ac, a, ad 2  and ad 3  represent the attenuations in conductor and 
the three dielectric media respectively. 

The following conclusions can be drawn. 

(I) In the case when both the dielectrics are graded, the power flow 
in medium I is less than in the case when one of the dielectric coatings is 
homogeneous and the outer dielectric is graded. This results i n lower 
attenuation in the case when both the dielectrics are graded. 
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FIG. 20. Plots of a and Pzi 
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Fta. 21. Variation of Po  and Po  with E3 

Profile 	: 	Quadratic (doubly-graded) 
r 1  r-- Os 1 cm, 	r, =- O. 12 cm, 	el  -- 5. 0, d - 0.2 env'. 

(ii)" ac, ad t , ad 2  decrease with E3  while ad3 increases with E a . 

(iii) As the thickness of the inhomogeneous medium increases, PZ2 

Increases but a also increases. 
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£3 	 .. 

FIG. 22. Variation of attenuation with E3. 
Profiles : 	Fourth power (doubly-graded) 
ri  = 0.1 cm, 	r , = 0-12cm, 	rs  = 0.72 cm, d = 0. 2cm-1  

ti = 5 . 0, tan 8 1  .-r---: tan 8, =-- tan 81 = 0 ' 00001 , =-* 51 x 101  mhosim 
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(iv) The radial propagation constants and other characteristics such 
as Ag etc. do not vary significantly in the two cases when one of the dielectrics 
is homogeneous and when both the dielectric coatings are inhomogeneons. 

15. EFFECT OF ANISOTROPY 

The wave equation in the external medium is 

E 	1 bE 	(e ) b 2  E z 	z 	 z 	/c2  EE z z  = 0  (42) 02 I  P hP 	Ep 

where 

( 
co  0 O\ 

Es  = 0 ep  0 	 (43) 
0 0 	cz 	 . 

considering the (p 4)) plane as homogeneous and isotropic and hence 
taking ecs  = E. 

The field components in the external medium obtain by solving equation 
(42) and applying approriate Maxwell's equations are 

E3 = DHo u )  (ja3Me2 (wt-gz, 

P E  
EP3 	D — e z) 14" )  (jail)) ei (Wt-fiz) 

as  Ep  

k 2  E E Ho3 = D 	( 	H 
1
(1)(ja3p) ej (wt-igz) 	 (44) 

cott oas 	p  

The radial and axial propagation constants in medium 3 are related by 

(45) = -ez ( B 2  — k 3 2) 

The characteristic equations for the three different cases are, (i) 
tor with two homogeneous dielectrics, 

r E 

Z (a3r3) Yo (a2r3) ± 2 a
2 K0  (a3r3) y, (a 2r3)] 

a3  

x [- 
El 

J (a2r2) Flo (air?) — 
E2 

Ji (a./2) Foo (airaj 
al 	 a2 

E 2 K ta
3
r

3 
) ji  frilad [ K EZ  IL  (a3r 3) J (a2r3) 	-- 	0 k a2  a 3  

x r Et )70  (a2r2) F10  (" I ra — a_f  22  y1(a 2r2) Fo o (a ir2)] = 0  
Ui  

Conduc- 

(46) 
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where 

a1 2  I a3 2 
 ez 
	ko 2  (el 	eo) 

and 

a2 2  a3 2  Effe  = ko2 (e2 	es) 
ez (46 a) 

(ii) Dielectric-coated cconductor, coated with a graded dielectric 

K1(a3r3) S2 (r 3) X (ro) K0  (a3r 3) S4 (1'3)] a 3  

Ei ciiN  
X { [X 0°2) 53 (r2) F00  (a1r2) --r-  - 01 kr21 	tairod al  

ez Kl (aoro) s1  (r3) — X (ro) K0  (a 3) 53 (ro)] 
a s  

( X [x (r2) 54 (r2) F00  (airy  A 
j_ 

' 
el 

S2 
	r  

2 2/ & (air 2)} 
al  (47) 

where 

9  ep  
al2  a3- — 	ko 2  (el  — E3) 

Ez) 

and 

(iii) Conductor coated 

a22 (p) 4- a3  ( EP) 
Ez  k02  62 ( 3) a  ea* 

with two graded 

(47 a) 

dielectrics 

[

-6-2  K1  03/3) 52 (r3) — X (r3) Ko  (aoro) 54 fro)] 
a 3 

x [x (r2) S3 (r3) Po (r2) — Y ('2) S1  (r2) P 1  (r2)] 

[ EZ  K 
3 

(a ro) (ro) — X (r3) Ke (a3 r3) S3 fro)] 
a 8  

x [X (r2) So (T2) Po (r2) — Y Old St (r2) P1  (r2)1 	
(48) 
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FIG, 27. Variation of a t  and a, with ep  
= 0.1 cm, r, 0.12 cm, r, = 0.72 cm, e = 5O, d = 0.2 cm-I. 

Profile : Quadratic (single graded). 
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No. 31. Variation of al  and a, with Ep  

0- 1 cm, r, = 0- 12cm, r,r---- 0- 62 cm, E 1  = 5. 0, d= 0-4 cin-J. 

Profiles : Quadratic (doubly-waded). 
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4 

d n 0- 4 cm-1 , s 	p . 

and 

a2 2  (p) ± as 2  ( EP \, 	k . 2  [t it  (p) - • E 	 - 3] 	
(48 a) 

Ez 

S ‘ (P Sit (P),S11 (p) and S4 (p) are the same as in pievious sections. 
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The above three characteristic equations are solved to give the sur - 

face wave characteristics. 

The power flowing in the external anisotropic medium for the three 

different cases is given by 
2 

E Z 
- 774"613  EP 	DD* F(a3r3) 

'Z 3 - 	
(49) 

2a3 2 	t p  

where F(a3r 3) is given by equation 20 a 

The results of numerical computations are presented in Figs. 23- 34, 

It may be concluded that the effect of the anisotropy factor s (--= ezied is to 

(i) cause a decrease in al  but increase in as  

(ii) increase ig and hence decrease Ag 

(iii) decrease Pa  and Pz3 but increase Pze 

(iv) decrease the attenuation constant a, 

16. CONCLUSIONS 

The analysis of different cases leads to the main conclusion that by a 
proper choice of the profiles of multilayer delectric coating on a conductor, 
it may be possible sto concentrate most of the:power flow within the dielectrics 
It may be worthwhile to suggest that if the combination of profiles are so 
chosen that the microwave field extends neither to the central conductor 
nor up to the outside surface of the outermost dielectric coating, thus creatting 
the conditions of existence of an electric wall at the interface between the 
outermost surface of the structure and the external medium, then there 
may be a possibility of transmission of microwave poNser through a multi- 
dielectric coated cable. 
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