
Tbepronapntion characteristics, sucn as, propasati.:il conctai't. ~ o i d e  w v c .  
lengrh. r.l:'iial field spread. iiivislorn of power as a i~rnction o f  t h e  diameter and 
dieledric canstont o f  a circular cylindrical rod dielectric guide exci~ed in No,, E,, 

and HE,, rnadcs are stdie3.  Tbe study of scattering coeffiiicienrs of the H:-R:: 

niode transducer w h k h  is uscd to excite t!:e poidc in HE,, mode. leads to its 
reprercnt:ir;on er a n  eqoivaltnt Tee- ne~woik. T h e  insertion loss and iaunchlnp 
sfjicicncy o: the mod- transducer ha% been evaluated. Thc scattering cocficicnts, 
iillprdsnce a n d  ; ~ t t n l i o n  chsracteristics of the dielectric guide excited in HE,, 
nmde are also studied. 

A straighi infinitely long loss-free dielectric rod  behaves like a 
waveguide i n  t h e  sense l h a t  electromagnetic waves can travel alcng it without 
r ~ d i ; ~ r i c a  iosi. The problem of the  prop:rgation o f  transverse niagnelic n,ocfr 
in a lossless dielectric guiile was investigated thzoreLically by H o n d r w  a n 6  
1?-bsc' a n d  their theory wac experinxntdlly confirmed by 2slhn2 and h y  
~ c h r i c v z r ?  Important contributions o n  t h e  theoretical  aspecrs of die1cc:ric 
rod waveguides have been made  recently by C!arricoats4 and  ~ i : i d r c n ' . ~ ' .  
T h e  work by ~ l l i e s p i e ~  on ihc  negtive wave impedance arid power Bow in 3 

dio!ecrric rod guide is of significant importance.  Theoretical  study of 1Se 
of backward waves in a bounded dielectric rod goide by Ciarri- 

coa ls  and Walaron7, ~ l a r r i c o n t s ~  and  J3rown9. has  opened a new kid of 
research. The studv on the attenuation characteristics o f  a dielectric rod wave 
g ~ i d a  by Ch;!ndlcric a i d  ~ i a s s c r "  has also created a n  interest i n  the possiRle 
practical urili?y of a dielectric rod being used a s  a guide for e!ecr:omagr.-~ic 
waves ar microwave frequencies. Several a u t h o r s  (DU Elamel and ~ u n c a n " ;  
Anyulo and Chang" "; ~ u n c a n ' ~  ; D u n c a n  and Du KamelP5j, have made 
signiflzant con:iibutions on t h e  excitation problem o f  a dielectric md wave- 
suide. The probicm o f  radiation f rom thd feed end  of  t h e  dielectric rod 
guide t o  the  discontinuity invariably present at t h e  junction of the mode 
transducer and the  dielectric rod  has  been  treated by Brown and 

Br. V. Subrahmaniarn is an As-istant Professor a t  the R'rla Institute of Twhno:ogy and 
Science, Pilnoi, Rajnsthan and was on depuration durirg the period of walk. 
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Spector's, and weilig. The  object of the  paper is to present the rzsults of 
investigations on  the propagation characteristics of electromagnetic waves on 

circular cylindrical dielectric rod waveguide excited in W,,, Eo, 
HEI, modes a t  3.2 cms. wavelength. The main emphasis is on  the guide 

excited in NGl mode. It is believed that the contribntiotls sptcially on the  
impedance characteristics, scattering coefficients, division o f  power o f  the 
dielectric guide, scattering coeficients of the H: - HP, mode transducer and 
its equivalent circuit representation, t h e  study of the insertion loss and the 
launching eEciency o n  t h e  basis of  the  scattering parameters will add 
significantly t o  our  existing knowledge in the  field of dielectric rod waveguides 

Assnming thar the circular cylindrical dielectric rod guide is infinitely 
extended in the  direction o f  propagation and that ihere is no radiation from 
rne  rod end uLI1 = p2 = 1 ~ 1 ~ .  cr, - cr2 = O m  the field components for the three modes 
&,, Eo, and  HE11 inside a n d  outside the  dieiectric guide (F ig  I )  arz as 
f~!lows 

FIG. 1 

The circular cyllndriccll coordinate system eniployed 



As !fir: $sods  is formed by a h e a r  ccmbin,ition of H a d  E modzs, 'he 
foi;o*ing ieiations hold good 

Y ;  - Y y  - Y: =?': - y2,  k" I - p N  * - .ti, c-= ?'? - k2 bsl 



By applying proper boundary conditions at the interfaces between the 
two media and using appropriate ficld components, a set of equations for the 
?Toi,,, Eo,  and I I E , ,  modes is obtained. By allowing the determirants of the 
coeiricient b, B, c, and C to vanish, the following determinantal equations for 
the respective modes are obtained. 



The characteristic equations '[Bi, 32 and 131 bawa been solved for 
&Ao- 0.8, ;, - 2.6 bee  figures '2 and 3) Yl and Y2, rzpresent t h e  Left hand and 
right bend sides of [ 1 3 ]  respectively. The point of intersestina or ?he two  
curves gives tha root xj which with fl51 yields x,. 

'The radial propap~tioil cons t~nr s  k ,  and k2 cniculnted from I141 
functions of d and of the rod (sac Bgcrcs 4 and 5 )  The a x h i  propdgstion 
cansia-it y i s  related to the radinl propagation constant k as follows:-- 





FIG. 3 
Qr~phkal solutioii of the char~cteristic equation (1.47) for ih+ B E r r  mode 



Variation of radial ptopagstion constant k, and k, with the diamet~rof  the rod 
for rhe N o r ,  E8, and HB,, mode8 



FIG. 5 
b8ir:ion of rrdiiil propagation constant I ; ,  and A. wixh 11,c dinmrtrr of rhc rvd 

The pouter launched in the dielectric rod will be transmitted caljreiy in 
I h C  longituiinal direction (z) ,  uhcn there is n o  radiation ar d the dielectric 
rod:acts =nrirrly a s  u waveguide. But if some pcwer is lost by rzdi8:ion. t h  
power will not only be tranmictsd in the z-direction but :llso in chc 



: I - ---! ------- - '- .--L L L - i - - L - . .  - "' 0.4 5.6 U.8 1.3 1.2 1.4 1.6 1.8 

*;xu 

Flc,. 6 
Variation of the axini phasr roostant with Chc diameler of :he fod 

and azimuthal (+'i d;rections. The following calcuintions will sliow the 
"k~ of power Bow P,, P+ and P, in the p, + and z directions rrapecti- 
veig. 



where, S represents the  surface normal to the direction of propagation. The 
total power Bow P, is divided mainly in to  two psrts of which a fraction Pi 
Rows inside the guide ( p  - 0 t o  p - o) and the test PO, flows outside ( p  - 0  

to p - -) the guide. The limits o f  $ is from 4 - 0 t o  + - 2 _ij. Similarly 
Pa and P, are divided into two parts P $ ,  P$ and  P ; .  P: resp~ctively. AS 

we nre interested in the  dieiecrric rod acting only as a guide, w e  may replace 
p = a  t o  p - m by p - a  to p 1. r in the integrals involved in the expression 
for P: and P$. where r represents radial distance from the axis of the rod 
scch that the value of P: and Pi become inappreciably small In calculating 
P;: and Pi, the liniit of o is from 2 - O to a = I ,  the  length of the dielectric 
rod. P+! and P$ have been evaluated for + - (x/4) as P+ - 0 for + -0, 
-12, 7~~ 3-12 and Zrr. I n  calculating Pj a n d  Pi, the limit of 9 is from 
+-0 ~ ~ + - Z t c r r n d t h a t ~ f ~ i ~ f r ~ n ~ ~ ~ O t o z - l a n d  p - a .  



FIG. 8 
Variation of the  guide wavelength with the dinmctcr of the rod 

for the f&,, E,, and Xi, modes. 







The values of P' and PO in the p,  +, z directions 11zve been caicutated as  a 
function of for perspex rod (:, - 2.6). It is foulld that  the power flow 
in the radial and circumferential direction is reactive. So in calculating the 
total power Bow we will consider only Pz. The relative percentage power 
flowing inside the guide is 

which is function of d/ho and  7, (see figures 10 and 11) 

The amoont of the relative power flow outside the  guide can be 
represented more clearly From the constant percentage power contours round 
the  guide which are determined as follows. If p, = r , ,  r,, r ,  - - - r, repreqent 
the radii of the circles representing the  contours insidz which constant powers 
Pet. &2, P13 . . PsH tlowing along the rod are located, t hen  the ratio of the 
powers with respect to the  to ta l  power PrR is 

where, - PA + PA contained within a radius p - r ,  

Pa2 = P ~ L  + PA contained within a radius p - P.? 
P, - P ; ~  -1, P$ contained within a radius p = r ,  



d/ho 

'Fro. BO 
\ arialion of power flew inside the rod as a Dercentaee of the total power Bow, 

wirh t h e  diameter of t h e  rou. 
q = P o w r r  flow insidc the therod. P ; - ~ o w e r  flow outside the rod 

RELATIVE DlELECfRiC Cb(lSTiiNT, E, OF T H E  ROD 
' 

FIG. 11 
Variation of power flow inside thc rod as a perccnfagc of the total paws1 flaw, 

with the relative dielectric constnnl o f  the rod. 
p:=~owor Bow inside the rod. p;-~ower Row oatside the rod. 



penrepresc.ilts the total power cont:iined wi th in  :! c o n t ~ t : i .  of vs,!iu~ r,  ~,,,j 

< . . . r The val!~rs of -!.I, 9 . 2 ,  - " i%,; alc dc t s rm~ncd  from 
[ I [ ,  221 by replaclug tho integrals 

respectively. The constnnt percentage power confours  and its r e s p t ~ t i ~ ~ ~  
- 

radius fur  pcrspex rods (cl = 2 6) o r  diRerent di:!rneters excited in HE,, mode 

have been evaluated (Sea figures 12 and 13) 

By using appropriate field components of tho HEI, mode a1.d apphing 
proper bour,dary conditions, the following relation betwcen the  consranis 
B, b, c and C are obtained. 

The coilstants 23 and C are expressed in terms of tho total power flow P, n!ong 
the guide as follows: 

dnce P1 - j B (x2 + C2 y 2 )  W3 

Substituting / B I  and Ic] in [6 and 71, the field components of HE11 mode 
inside and outside thc guide are 



0 
0 

I , i d  _--- 1 
1 2 3 4 5 6 

PCDIVS OF THE AREA IN CM, 

FIG. 12 

Radius of tbe l r t s  amund the dielectric rod vs. W%. 
"89: is the per cent o f  powerpurrounding the: rod. 
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The electric field components Ep:,, E+ and & are  funciions of dl.& and e, (see 
figures 14, 15 and 16). The components Ep,  Ed bind Ez have hecn norma)ise& 
with respect to  their values at p = a .  Since E, is discontinuous at ii 
has been seperately normalised inside and outside wiih respect to the  surfaee 
values E; so that  E , / E ~  vs p curves (See fig. 14) are  shown as continuous. 

Rodiol dirtonce in cm 

FIG. 14 
Variation of the radial component E p  , of the electric field with the radial distance. 

E: is the valua of EP on the surface of the rod. 

Experimental determinaaion (See fiigure 17) of  the variarion of E,, Ed 
and E, for the HE,, mode in the radial direction shows fair a~reement  uirh 
the theory. The variation of only Ep is represented graphically (see fig. 18). 
A monopole probe was used to measure E, and Ep and a half wave dipole for 
E, components. The precision attenuator is adjusted for each value of p to 
keep the o~tput  of the probe constant, so that tbe crystal in the tuner works 
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Radial d i ~ t a n c e  in cm 

Fro. 15 
Variation of the azimuthal component E.p . of the electric field with the radial distance. 

E'd IS the value o f  E+ on the surface of rhe rod. 

Ro.?iol disiancg in crn 

FIG. 15 
Variation of the axial component EL o f  ihe electric field with the radial dislnoc% 

El is the value of & on the o u r f a  of the r d .  



1. Rogulatod Power Supply with 5. Mode Transformer with 10. Broad Brand Crystal 
Square-Wave Modulator. Collar. Mount-Prd Type 61wp 

2. Klvs~ron 723 AIB 6 .  Dielecrr~c Rod Waveguide 9. Precison ~ ~ t r n t n t ~ ~ . " '  
3.  lip Attenuaror 7. Probe Prd Tjpe 185 B ' 
4. Frequency Meter PRD Type 8. Coaxlal to Reciavguiar I ! .  Detector Ampilfiar. 

586 A. Adopter. 17. Sholtlng Disc.  

FIG. 17 
Block schematic ofsxperimsntal setup for  the meaqurement of fie!d rornponentr. 

at constant input. This method eliminates the  crystal law in field measure- 
ments. The experimental and theoretical values of A, as  a functlon of d/Xo 
for HE,, mode arid ;, = 2.6 derived from the standing wave pattern measure- 
ment along the guide show fair agreement (see fig 19). All measurements 
have been made a t  the X -  band. 

The impedance characteristic of the dielectric guide is studied by 
considering it as a microwave network and determining the >tattering matrix 
of the sysirm consisting of the mode-transducer, and rhe dielectric rod. In 
order to determine the input impedance of rhi: dielectric gcide, it is necessary 
to transfer the impedance from the input t o  the  output, of the modo 
transducer. The impedance parameters which are  determined froni the  
elements of  the matrix enable the representation of the mode transducer as an 
equivalent T-network. The insertion ioss and the transmission cflicicncy of 
the mode transducer are then determined. The launching efficiency of the 
transducer is then calculated from the elements of t he  scattering matrix. 

11.1. CHARACTERIS~TCS OF THE MODE 
TRANSDUCER H - N; , 

By using ~ e s c h a r n ~ ' s ~ ~  method (see figure 201, the  scattering cocfiicients 
of the mode transducer were obtained and are as  follows 

S,, = 0.140 exp. ( i  203.7) 

St* - 0.969 exp. (i 67.9) Wl 
3 2 1  - 0.143 exp. (i 471.2) 





FIG. 19 
Variation o f t h e  guide ;vsvslengib with thl:  diarnctcr of the rod. 

The impedusca ~arameters  Zir, ZIZ and 2~ are  obtained from the scatteriag 
coefficients by the fdlowing transrormntions. 

wliecs, [s] - SII Sz2 - S 2 ,  
Z, Characieribtic Imlptdan~r of the mod6 rrnnsducer :I& t h e  iripu: i t r m k a l s  - Characteii:?ic impedance of the rectangular guide excited in mode - 4..1352 
7,2 Y" C h e ~ . a c t e r i ~ i k  impedance of  t h e  mode rinnsduccr s l  the output terminals. 

-Characteristic impedance of the circular metallic guide excited in 811 
mode, - 436.5 $2 

Subetituting [39] in [40], the impedance parameters reduce to 
Z,,-9.3135+j 119 2 
Z,Z - 2.994 +j 429.7 I411 
ZL? = 3.i45 +I 2044 



FIG. 20 
circle dia$tnn showing tbcconrtrurtion leading to the determination 

of the scattering coefficients of mode transducer 



Circle diagrdm ahowing the coi~rtr~;tion leading to the detcr rn in ;~ l io~ 
<>[the s ~ ~ t l t o r i n g  coz.iic:cnls o f  the  dlelecriic rod wsvegulde 



%tbich yields 
&, -ZIz- 6.391 - j  308.5 

Z& - Z,, - 6.651 -/ 223.1 

The impedance parameters [41 and 421 lead lo ihu: rcpreaentation or the 
equivalent T-network of' the HE - H !  , mode transducer (see fig. 2l) 

FIG. 21 
Equivaiont TBE nctwork of ths  mode tranrducor. 

T h e  insertion loss & of rhe mode transducer is given by the  relatioa 
(Ginnon, 1957) 

L(db) - - 10 loglp (2. - 1 Sli 1 *) - 10 loglo 1 s,;j2/(i - j fill 1') -0.274 db[43] 

where, the reflection loss LR at !he input terrninels  of the transducer is 

Ln (db)  - - 10 loglo ( 1  - j sI1 / ' j  - o 036 db E444 

and t h c  (!issipation loss in  the network is 

L~ (db j  -x - 10 ] s12 j 2 / 1  - s,: ! - O 188 dh 

11.2 INPUT ~MPEDANCE OF THE DIELECTWC ROD 



The tran'iformarinn of impedance from the i n p u t  lo the  actput e n d o f t h e  
mode tmnsducer is effccted with the aid of the  usual relation (her hg 260) 

zf' - (DZ' -. B ) ~ ~ ( c Y  - A) 1491 

Thc inpot impedance of the  dielectric rod g u ~ d e  a s  a fonc:ion of thc 
nnrmallsed length I I ho has been evaluated (See  fig. 22). 

'03r 

FIG. 22 
Variation of input impedance with the length of the wide.  
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The conventional open circuit and short circuit method has been used to 
determine the open circuit impedance Z,!,, when the dielectric rod i s  shorted at 
tile free end and is of length ( 1  + A, 4) from :be feed end, and the short 
circuit impedance z;, when vnder the same condition, the length of the 
dielectric rod is changed to I where, 1 is an integral multiple of A,. The 
impedances z:, and z:, seen by the slotted section is then transferred to the 
input end of the  dielectric rod. The characteristic impedance Zo of the 
dielectric guide is then evaluated a s  a function of the length of the dielectric 
rod (see fig. 23) in ierms of the t r ans famed  impedances Z,, and Z,, from the 
relation. 

I soor 
600 1 CHARACTERISTIC I)+)PLDAUCE IN OHMS 

FIG. 23 
Variation of the charactds(ic impedance witb the length ofthe wide. 



The scattering matrix 2 of the system coniposed of the mode transducer 
and the dielectric rod guide is determined by Deschamp'a (1953) me:bod, 
The complex reflection corfilcients for different l e n ~ t h s  of %he dielectric guide 
is plotted (see fig. 24) as a circle diagram from which t h e  scstteringcoeffici~nt~ 
Z,,, Z12 and X,, are determined. - 0.048 exp ( j  28) 

XI2 -0.675 exp ( j  35) 

Zlzi - 0.093 exp ( j  31 6 )  [51] 

The scattering coetficients a,,, o,, and uz2 of the the dielectric rod gcide is 
obtained in terms of tho S- matrix and 2- matrix (See Append~x A). 

which with [3'3 and 511 yield 

a,, =0.1945 cxp ( j  69.1) 

a,, = 0.7161 exp ( -  j 32.9) 

a?? = 0.1191 exp ( -  j 81.8) B ~ I  

The launching efficiency is expressed iu terms of the S-matrix and 
a =matrix (see Appendix B) 

12. ATTFNUALION CONS CAN^ 
Assuming that therc is no  loss in the  free space surro'doding the 

dielectric rod, t h e  power transmitted along the guide is 

P:= P: + PP 



w!rcre, el - w  E~ !an 6 

tan 8 -loss tangent of the  d ie lx t r ic  rod -ZOOS 

has been evaluated and determined experimentally (see fig. 25) by using the 
v.s.w I. method and calculating a from the retation 



_-- - 
,NH- 
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- 
6, = 2.6 

- THEORETICAL (EQ 3.t 

0 0 EYPERIMCWfAL 

FIG. 35 
Variation of attsnuntioo constant of the dielectric rod wavesuidilc 

with tbe diamcler of the row fur the HE0 made. 
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13. CONCLUDING REMARKS 

The investigations lead t o  the following conclusions 

The radial propagation constant k2 outside the rod increases with 
increasing d/Xo for a l l  the three modes EOI, Eat and HElr But kz (H&, )  z k2 
(&) z k2 ( E O I )  which means that  in the radial direction outside the rod 
(Field spread)HE,, < (Field spread),,, < (Field spread)E,, as the argument of 
the Hankel function contains k2. 

The radial field spread outaide the rod decreases with increasing values 
of and d. 

The axial phase constant increases a t  first with increasing d/& and 
tends in the limit to the value corresponding to  that of a plane wave 
propagating in an  infinite medium having ,u and E the same as  that of tho 
dielectric rod. 

The symmetric modes Eol and Nol possess a cut-off wavelength depending 
on d and 7, of  the rod. But there is no such cut-off behaviour in the case of 
HE,, mode. For small values of d/Xo. (hE/Xo)+l ,  which means that a major 
part of the power Bows outside the guide. 

As d/ho increases, decreases and finally approaches asymptotically 
the value of I/.\/ ; I ,  which corresponds t o  the propagation of  the wave through 
an infinite medium having a dielectric constant equal t o  ;I. 

The diEerence between the theoretical and observed variation of the 
electric field in the radial direction may be possibly due to the following causes. 
Higher order modes may be present due to  the d~scontinuily present invariably 

a t  the junction between the mode transducer and the dielectric guide. Though 
the probes are placed in  referred direction for a particular component, other 
components may induce unwanted currents in the   robe. Thc presence of 
the probe may also a f f x t  the measurement due to interaction between the probe 
and the guide. 

The power Bow in the rddial and circumferential directions is reactive. 

The division of power between the inside and outside of the guide for  
the three modes is compared a s  follows 

The oscillatory nature of the input impedance of the dielectric guide for 
lower values of ]/ha and its tendency to become fairly constant for higher 
values of I/Xo remain to  b e  justified by theory. 



matrix of the dicleclri: i o d  guide only. Then, (Sce fig. 26) 

When the networks 5 and  0 are connected, so tha t  the terminals 2-2 2nd - 3  
arc joined tosether 

& - E3 

F? - E,.? ~ 4 . 4 1  

which with  [ ~ . 3 3  yields 



T b i  composilr matrix ("")of the mode trnnsducei m d  the dickclric 
2 2 ,  L 2 .  

guide is given by the relation 

where the coeilicients are 

which on substitution of rlhe coeHicients of 8-matrix and x-matrix yield the 
co:Ecients of [ h e  a-matrix. 

Assuming a matched load a t  the terminals 4 --4 (see fig. 26) the 
launching eBciency mode on the dielectric rod guide i s  derived as  
follows 

E4 - 0 P.11 



To, 

Since S and o networks are cascaded 

Erz - E3 

From Appendix A 

Therefore, the launching efliciency is 

where P,l represents the power incident on the S-network. 
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