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Abstract 

The results of theoretrcal analys~s of the probIenl of exc~tatron of H E I ,  modes on a cylmdncal over- 
moded d~electrlc rod of clrcular cross-sect~on exc~ted by a concentrxc magnet~c rmg source of magn~tude 
varymg as a smuso~dal function of the peripheral angle leading to expressroils for launching efficiency 
and far field patterns as a functlon of frequency, locatlon of the souwe, cha~actenstlcs of surface wave 
structures and hlghel order modes are presented Results of numer~cal evaluat~on of launching efficl- 
ency for the overmoded rods ale reported m the form of graphs 
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1. Introduction 

Long d~stance propagation of ~nicrowaves by surface wave st1 uctures r e q u m  the know- 
ledge of not only the surface wave character~stlcs of the structule gulding surface waves 
b%t also the efficiency of the launcher which transfers the erergy from the source to the 
surface wave field Launching of smface waves has been studied thoroughly by C ~ l I e n ' * ~  
hho solved the problem of excitrng a plane surface wave from a narrow slot placed above 
the guiding surface Thls theaietmal approach of  culler^ has been extended for iadial 
c~llndrical surface waves by Fernardo and Barlow3 and Brown and Sharmal Wait5 

studied theoretically the launching of surface waves by a magzetic ring source 
Collena and Chatterlee738 have also studied the problem of launching of a surface wave 
111 deta~l 

The subjtct of dxelectrx surface wavegudes has been receivmg attention for quiL 
some tjme. Marry of the theoretical and pract~cal problems involved have been dls- 
cussed in a very ~nformat~ve survey by K a o V m o n g  them, the excrtation of surface 
waves on these waveguldxng structures is of much importance One! of the simplest 
qtructures, wh~cli is of great practical uttllity is the circular dielecCrac rod The excltn- 
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t ~ o n  of clrcula~ly sylnxnetrrc sulface waves on a dielectric ~ o d  by an  elementhry source 
for example, a rnagnetlc culient ling, have been investigated both theoretically and expen. 
mentally by DuucanlQad Brown and Stacheiau The excitation of the dipole HE,, 
lnode 1s oT great ~mpoitance smce it is the domlnant mode and the easiest to exclte The 
tlzeoretlcal study of excrtiizg the HEl1 mode by a polnt dielectric dipole has been done 
by Gar Lam Y i p l C o h u  and Kmg13 have treated the souice as a nonuniform magmtlc 
ring and hxve studied the problem of excitation of the HE,, mode on a dielectric cylinder, 

&/lore leceiztly, the dellmid for wider ba~~dwidtlis for coniinunrcation puiposes 116s 

prompted research into the possible uses of drelectr~c sulface waveguides fol long distance 
telecorrri~~un~catlon links a t  the nt~lltmeti~c and optical frequencies At these lligh fie- 
quencies a c~owdrrlg of hrgher older modes is expected. A dlelectr~c lod elther when 
overd~rnensiorzed 01 when ope1 ated in a fr equelzcy range hlghe~ than the X-band supports 
a laiger number of h~glzer order modes An extensrve study of the liiodes with lespect 
to therr effect of su~face wave characteristw, power liandlmg capablliby, ladlatioil and 
gu l l  h ~ ;  b ~ 1  d >  le ezrl~er b j  Dl111 et The putpose of this paper IS to 
o b t m  the launching efficiency and far fidd rad~atiolr pattems of overmoded iods by 
the method obtamed by Cohn and Klng13 as a function of source locet~on, frequency 
and character~stics of the surface wave stluctuies 

2, Co-ordinate system 

The postulated method of exciting the dipole mode 1s phys~cally iealisable thiough ihe  
use of an annular slot in a conducting plant wlzlclz is pe~pendrcular to the, axis of the 
dielectric rod Thls slot in turn would be ene~glzed from the opposlte side of ths 
conducting plane, wlth the prescllbed angular variation by a clrcular waveguide 111 which 
the dominant TEll mode is propagatmg The soulce, theiefoie, cons~sts of an mfimte- 
slmally thm magnetic ring source whlch is cooceintilc wlth and has a larger radms than 
the dielectric rod. Its magmt~rde 1s a s~nuso~dal  funct~on of the peripheral angle (4)  
The magnetic ring source 1s specified by the followmg equatlon 

+ + 
I,,, = (pS (p - b) S (4 ~111 4je-jut 

The solutions to be sought in this problem are those xn which the magoetrc field 
component havmg the same co-ordmate direct~on as  the assumed magnetic culrent 
source (H4) also has the same spatial varlatiolr as thi: source 111 that co-ordinate d~rectlon~ 
Due to the character of the postulated solut~ons, the actual three-d~me~s~onal problea 
reduces to an equrvalent two-dimensional problem. 

The geometry and co-ordinate systems of the p ~ o b l m  are ahown in Fig 1 Medium 1 
conslsts of the lossless dielectric rod of radms a and perinittlvlty Medla I1 and 111 
are free space and ale  divided by a hypothetical cylinder whose ladius (b) 1s equal to 
the radius of the inagnet~c rlng sGurce The permltt~vlty of Media I1 and I11 is that 
of free spree (d. The permeab~hty of all three regions IS that of free space (po). 
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3 + 
I, = (:, 8 ( p  - b) 6 (2) sin .;1 e-Iwt 

(4 P) 
FIG. 1 (a) End view, (b) Three-dlmens~onal n e w  of dielectrrc rod excited by a nonumform magnetlc 
ring source. 

3. Field components 

The components of the electrornagnetlc field generated by the magnetic ring source 
sat~sfy a set of equations avdolgous to the soulce free case 

(11) Medium TI The field between the current sheet a*d the guide (I e , for u < p < b) 
is glven by 

EEZ1 = [b:,,HP) (k2,p) + b;,Hp* (k2,p)] s ~ n  $e+"' (3 '7) 

H,,, = [c;, Rp) (k,,p) + c ;, HF) (k,,fip)] co s 4 e-'Yfi (3 h) 

which reprosent standing waves. 

which represw t 

(a1 ot~twaxd t~avelling wave for u, >. 0, imaginary, 
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(b )  ~nward t~ aveI1m.g wave for  u? > 0 magmary, alld 

(c) evavescevt wave fa zt, > 0 real, 

where zll -- Xln,p and 21, -- k,,p 

4. Boundary conditions 

5. Wave equation 

The vector wave equatlon IS 

3 3 3 + 
-- V + t v2  F E E  = 7 3.: I;, where I,,, 1s given by eqn (1) 

The =-component of this equatlon i s  

Expandmg the above equiltion 

since 6' (X) = - 6 ( X ) / X  acd the variation w~th I espect to  z IS e-ye 

Smr~larly for the Hz cornponefit the wave equation 1s 

6. Evaluation of the boundary condition at p = b 

Solutions are ~onght  in which the vm ion9 field cornporents hnvc the followmg functloral 
dependence on 
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Therefore eqns (9) and (10) call be rewiltten in the primed notation to take accourt 
of the prescribed variation 

The method of integral tiansforms wlll be applied in solving these last two partla: 
dlffmfitlal equations (eqns 12, 13). Let, 

and 

where 

E; (p ,  z) e-~ys dz Ed @, Y) = 

where q represents any of the GO-ordrnates p ,  qb or z. I &  

Equation (14 a) is subst~tuted into eqn. (13) and eqn (15 a) IS substituted Into 
eqn. (12), The resultant equations are multlplled by 1/27r~7" dz After integratmg 
from - oo to + oo the following two equations are obtained 
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and 

The condit~on on E,and therefore on E,, at p = b i s  determmed by the wale eqn. (17) 
M~rltlplymg each term in the equat~on by dp and integrating over the interval 2Q from 

where p' 1s a funct~on of p. 

Assuming E,, i s  finite for all p and lettmg L 4 0 and p + b, the equation becomes 

(6 a-d) 

AppIymg the above conditions eqas. 5 (a-d), 6 (a-d) e~ght equations ale obtamed 
in terms of the elght arbitrary consta~ts 

(a) C,Jl (klmn> - c:,E?) (k2,n) - c;,HP) (k,,a) = 0 

(b) BmJl (kl,a) - b:,Hilj ( h a )  - b:,Hj2) ( L a )  = 0 
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8, Solution of the determinant 

Tnese elght equattoizs, (19 &), arc solved by setting the detemlrrant A, fol need bythe 
co-effic~ents equal to ze, o. After stmplrfication, 

when A = 0, the expression obtained is identical to the equation. of the HE1., mode 
propagating on an lafirutely long source-free dielectric rod. Sdving for B, avd c,, we 
have 
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To solve the par tla! d~ficerent~al eqns (12, 13) the method of mtegl a1 tl ansforms 1s used 
by lett~ng, 

9. E~aluation o f  the infinite integrals 

The above four real integral eqns, (23-26) can be evaluated by considering them to be 
contour integrals In the y-plane and applymg the Cauchy Resldue Theorem 

h-,, 1s mult~ple valued at  y = 5 p, 6, and k,  1s multiple valued at y = & l / w 2  p, co. 

The mtegrands of the above equatmn are even fucctlons of k,,), and hence the only brarch 
po l~ t s  occur at 

Let the branch cuts (r) be along the lrne 

The ~ntegrands of the eqns. (23-26) are determined by setting the denominator of b, 
and f. given by eqns (21) and (22) respectively equal to zcro The poles at f y, are 
debmmed by letting y = y,, k,  = k,,, and k,  = k,, in the resulting equatiom 
(27 a, 8) where k , ,  and k,, have been already defined as transverse wave  umbers at 
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the poles. A path of lntegratlon In the complex y-plane whlch assures convel gence of 
each of the integrals is shown in F I ~  2 

FIG 2 Contour of ~ntegrat~on in the g-plane. 

Only the branch cut fiom + y wdl be consideled slnce it will bc shown that it repre- 
sents radiation away froin the magnetic llrre source. Similarly only the pole at  1;, is 
mcluded in the contour of mtegratlon slnce ~t repiesents surface: wave propagation sway 
from the source In the positwe z-dlrectlon. 

Cons~der the integration In the complex y-plane around the closed curve shown In 
Fig. 2. Let the function F (y) be representatrve of the mtegrands IIX the eqns, (23-26). 
From Cauchy's Resldue Theorem, 

= 2 . 7 ~ ~  (sum of the residues) (29) 

whele the resrdues are taken at the poles of the rntegrand wlfhrn the closed curve of 
Integrat~on As R + CX, it can be shown that the Integrals an fi, and R, vaiush for 
any of the ~utegrands for z > 0 and k, - + l /w", ,~~.  Therefore, the eqn (29) becomes 

60 

f F ( y )  dy = - j' P (y) dy -+ 27rj (sum of the reslducs) 
-0Q l" 

? .  

T 1  

10, Evaluation of the radiation field by SDP method 

Imtead of integrating along r, r is deformed into the path of steepest descent, C,, whxh 
passes through the saddle point of the integrand. The path is directed in the revelse 
sense and as a result the eqn (30) becomes 

7 F (?) dy = $ F ( y )  dy + 2rj ((sum of the residues).- 
-00 c8 
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The f011owiixg trarrsformat~oi~.~ to [be r-pla~qe (Fig 3) aic usccl by lettmg 

Tile branch cuts at RL (1') = rt ,la ale t~nr~sfotmed lo the cuxves 

FIG. 3 Path of mtegratlon in the T-plane 
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while the branch pomts at y = & y, transform to the points 0 - & n/2, 7 = 0 For 

y = + y b ,  r j  = 0, D = 7112 137 a) 

jr = - y,, rj = 0, a =n/2. (37 b) 

FIOIR the eqr. (35 cr, b) fol Re ( y )  and Im ( y ) ,  ~t cat7 be seen that the path of 
mtegatlon slollg the leal axls on the y-plane tlarsforms to the fool1ow1r.g three stralgft 
l~ne  segmellts on the T-plane; 

From the iclat~om I<&, = C U ~  p, - y3 , and 

sub~t i tu t~og  these eql?s. 39 (u-c) 111 the oxpiewon for E& (eqn. 32) aad H& ( ~ q n  331, 
we obtam 

E& = 1 J [j b,,, (d HF) (p  y, cos r) cos 7 

Transform to the spherical co-ordinate system w l ~ h  the help of the trarsformatm. 

p = r cos O , z = u sin 0. (42 a, 6)  



J 4YAN LI VENKA'Z ARAMAN 

For the radiation field components at large distances from the source, Hiit (kZmp) and 
Hpr' (k,p) can be replaced by thelr asymptotic forms.  AS^ 4 m, the Hankel functlol? 
Hiz) and its derivat~ve become 

and hence E$, and H& become, 

Thr; srn idle poitlt is defined for both iiztey als by 

3 - [cos (T - O)] = 0 
3 7  (46) 

t11e:ehre T = 0 is the saddle point in each case The path or steepest descent, c ~ ,  wl3lcl1 
passes across the saddle point (T = 0) IS one on which tho iinagliw y pal t of the ehpo- 
nent remains constant, i s  gaven by the equatton 

The following rule for saddle point intcg~atlon la used, wheie T = 0 is the raddle point 
and d/& (eng(7)) = CI 

Provided that g" (0) = 0. Applying this rule to eqm. (44, 45) ard s~mpllfy~rg 
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11 

The 

q, 

Pa wer flow 

field components which contribute the power flow in .he rad~al  d~rection are I$, 

E;, H;. TO firid out the amount of power rad~atcd outwnvd, the radial c o n ~ ~ o r & ~  
of ~ o ~ n t ~ q p  vzcior wdl  be irteglated over the sphere at i r f i~ l~ ty  The r n d d  compormr 
of Poyntrng's vector I(: 

Physically, the magnetic ring source is reallzed by properly i l l umi~a t i~g  all ari~ular slot 
in a con.du,cti~ 3 plane located at z = 0 plane , therefore, only the fields %r the half space 
( Z  > 0) need be cons~dered Integratirg s over the half sphere IF. f1or.t of the mave- 
gu~de (0 < 0 < n/2) the power flow In the rad~al direct1011 becomes 

It should be noted that the function g (0 )  is xndependeut of the radlal propagat~on 
constants and the guidewa$elength They depend only on the b/a ratlo and the angular 
variation, 0. Since the hlgher order modes are characterxzed by the~r  propagation 
constants and therefore the~r ampl~tudesl" the ir.d~v~dual co~tr lbut~on of each mode 
cannot be determined However the term b[a defi~les the c o m b ~ ~ e d  effects of the h~gher 
order modes and hence it can be concluded that the radiated gower as abtalred by eqn (53) 
for a particular rod diameter cJ alrd for (z part~cular b/a ratlo rs due to all the modes 
supported by the rod since the radrated power 1s a continuous mode spectrum, 
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12. Evaluation of the surface wave field (Pole residue) 

The surface wave component of the total field as shown by eqn (30) IS glvefi by 

H:, = 2n1 (sum of the residues of the integra~d) 

The ~ntegrand car1 be written in the form of the ratlo f (y)/g (7) where 

and 

Below a critical radlur to w~zvelerrgth ratio, the d~electrac rod will support o i~ly  tl e HEl, 
mode. It wdl be a w m e d  that the only pole withm the contour of rniegrat~~n cones- 
ponds to this mode Thls pole is y, 

Poles of the arc determined by solutions to g (7 )  == 0, wfuch 1s lderrtlcal to the charactel 1- 

stlc equdtioq of the HElRl mode in the sauce free case As the diameter is utcressed 
hlgher order modes appear and the conesporrdi~~g poles can be eval~iated by t k  same 
expression g (y) = 0 In the following analysis the surface wave field due lo the I o ~ c s t  
mode, HE,,, w111 then be calculated Assunrptiolz of the surface wave pornel of all tl E 

modes wlll then gzve the total sutface wave field of the overmoded guide 

f ( y '  since it can If g ( y )  = 0 gives the poles. the value of the residue at y = y, is -+ 
R (19) ' 

be shown that y, is a first order pole, that is g' (7;) = 0. 

W ~ t h  this ansumpt~on, defining (N,,)& and the curface wave field of the #mode  111 

Med. 111, we have 



1 - J; " ---- 
4 -I&,, [Hi" (A:*Jy 

13, Surface wave power flow 

The total power flow in the surface wave (P,) can be obtained by rnakirg use of the 
source free analysrs of the HE,I mode propagatmg on a clrcular d~electrlc lod At 
large axial distances from the plane of the rlng source thae is no d~stil.r.ctiol~. betueen 
regtons II  and 111. Power flow for the source free case 

w b - c  Dm i~ a? arbitrary constant contamed IP, the exprerslon for H. outs~de the rod 
C 
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C O ~ I ~ ~ ~ I I I I ~  eqn (59) wlth that ob tmed  fol (HE,);, eqn (56), 

The total surfacc wave field due to all the hlgher older modes is 

P, = P,, , slnce the modes are orthogornl, tlqc powel 1s additive. 
9n 

14, Launching efficiency 

The Iaunchmg effic~ency is defined by 

The la~~nchmg efficiercy 7, the total surface wave power P,, ar?d the total radiated power 
have been calculated for different degrees of over1nod1n.g Fig. 4 (a-f) shows the 
variation of radiation field with 0 for different diameters and diffeiert values of blue 
Frgs c-e are the overmoded guldes supportmg higher arder modes as mdlcated Flg 5 
shows the variation of the total surface wave powel with b/a both for single moded (-1 
and overmoded rods (- -). The vanation of laurchirg efficiency wltlz b/n is given 
in Fig. 6 

16. Discussion 

The followilzg observations can be made from Figs 4-6. 

(I) Smce the radiat~on field [eqn (53) ,  Fig 41 is mdeperdent of the propagatlor, con- 
staltts kL, and k,, and the mode amplitudes, it 1s mdeper.del3.t oaf the h~gher order modes. 

(u) The surface wave field however depends on the hlgher older modes (Fig 5) which 
appear as the rod diameter (2 a) 11s increased Decrease of radlal field spread with 
increase in (2 a) result m the wave being mole tightly bound to the rod 

(iii) For s~ngle mod& rods (Fig. 6) 9 decreases wrth increase m (2 [ I )  whereas 77 increases 
wlth ( 2 4  for overmoded rods 

(LV) Similar observations as the charactelistic of 7 have beon observed regard~ny: the 
gE ln for overmoded rods, 
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,330, 4. Radiat~on field vs. 0 
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10 - -o Smgle moded rods 
4 ----  Over moded rods ( T H E t m l  

b la 

Fro 5 Surface wave power P, vs. b/a 

- Single moded rods 
- ---. Over modcd rods IIHE1,) 

m 

I*O 1.4 2.2 2.6 3.0 3.4 

bla 
FIG 6. Launchmg efficiency q 98. 
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