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Experimental Invest igat ion of the Propagation of Electromagnetic

in a Cyl indrical Slotted Line

frn o

Waves

6. o. AI;DRENK0, v. v. KRYZHANoVSKTI' l" r' NosrcH AND v' ?' sHEsroPALov

Resu l ts  a re  Presented  o f  an  exper imenta l  inves t iga t icn  o f  an  open

l ransn iss ion  1 i .ne  in  rhe  fo rm o f  a  par t ia l l y  sh ie lded d ie lec t r i c  rod '

Wave tyPes ln this i : ' " t  
" t t  

classif ied' The delay and attenuation co-

"i f i" i""a" 
of each raave mode are determined'

INTRODUCTION

The wel l -known open t ransmiss ion 1 ines,  i .e . ,  d le lect r ic  waveguides,  s t r ip l ines '  per iod-

ic  lens and refLector  s t ructures,  make ic  possib le to solve only p i r t ia l ly  the probleur  of

channell ing electromagnetic energy in different wave ,."gu"' tnvlstigation of new types of

open transmission rjnls and the use of their specific propertles in engineering is an urgenc

probl -ern.  we present  here exper i*"nt . l  i .a"  o" ' the radiat ion f rom one of  such l ines '  i 'e"  a

cy l indr lca l  s lorred 1 i " . -< is l l  [ ] ,  2 ] l  r r ,  the"e studles a theoret ica l  so lut ion is  obta ined

of the problen of .propagation of _"r""i.or"gnetic 
waves- ln a round dielectric rod vhich is

parr ia l ly  conta lnedl . ] l " ia"  a per fect ly- t " " i " " t lng envelope'  The propert ies of  the s lot  wave

ins j .de rhe s lor  in3uch a l ine 
"" tu. i , r i l ;u  

t i - iz-a l  for  the case of  cy l inder  wi th a narrow

longirudinal s1ot. Delay, attenuaEio;-;;;-";;"tt ' tr" of the field of this wave ltere calculated

in the approxirnation of t*ponentially narrow slot and measured'

.There is definire interesr i. t1,""lr,.restigarion of the waveguiding properties of trans-

mission l ines in the form of partialfy 
"t 

itfa"a dielectric rod over the entire range of vari-

arion in the angular dirnensions ot tnl.: i;;-;;;t-6-t" iao degrees' rn the rnodal composltion

of such structure, as velL as in oti."i i"t"l-dj-electri. ta.r"i,rra." t5l one has to expect the

presence of  s low waves tha!  are a ' r .  to :  1)  the ate lect r ic  t l ' " t " " t  o f  the rod e> 1;  2)  the

finite conductiviry of the merall ic 
"i i"fai 

3) the slot in the metall ic cylinder'

The rnain characteristics of 
"1ot--ttt"" 

(attenuatio"-o'-tt 'u delay-coelficient II=c/tso6'

where c is the velocity of l ight in free sPace' UO6 is fnt"t t 'etocity) depend on such

t
I

t.
i
I
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Fls. l. Transverse cross sectlon
'^li 

" "t i l idrlcal'"slotted 
l lne'

paramerers "f .:l: ::'H:":i"?"r::: i;;l:"fi:" ;:"":"*.::.l}t.:i"i::il^#'*::'":;:::;ui'
:i;.i*ti::,i:ii:.:'ii!""'" fe:1#ii::1":";his!;i.:*l:ttiliil"l!;"1i"'"ll"l'"'
ihe struct"t"r p"i"i";;;; ;" :n:-::i.r dimensions ""il-"i"t-and' 

thereforel the classif lca-

ii.,l """"t 
changes in differe": llg"i

t lon used i '  "otJ"c 
conventional in nature'

) i . T g E W A V E S I N S I D E A C Y L I N D R I C A I , D I E L E C T R I C - F I I , L E D W A V E G U I D E

, " u "*? "I i:::'H ;i":" :': : ji.:,ihF *:i;:'i:u*r:i:iitii ilii?t:fit:ttffi ff :
,Iiri it" dielectric-fj-lled wavecul::;.."'nor!rr-"i,-i" trr" outer sPace thls

::L::?:i:?:;#;"::::::":*: iiiii; "i::!t!ii.il.l;-;; ""'l"ili" 
envel'pe 16) 1,

'  rhe p'"'""'J li-" """ow 
sloL i"' it,"-"vr*g"::";:l i:; l i:: ':n':"il i""'or 

slot wave i100'

The deiay "oeft: ' l i" it 
of such vave can be calculated :

( 1 )

u:lLI-9a | &o)-t-" iol l '"  '
L 2  z

*n"",f;"=,31u]':;,:l"r:'"{::;:Jl :l:'::iililiii::"}:; :i,:l;"il:':;iT"lllq'l'li1!x:1"'-
netallic ".rrn 

or,'iie lateral surface of a dierectti"tillir;i'tlll,-,""lrT'd.:.ii:" 
fiy'-

arion or rhe,nE;;;ave. fr" Il1il:"1:":!"X":L::""':l'ffii':"'""ftt::t*'i.ti1:,iil" 
iil'

;;;;i i;";.11:iffi:';:::'"illil5'^;;,--,r," . a.r.y "o"iii"ients 
or the above waves :

f  ol lowing exPressrelrD
i

. ,  r  z z  1 ' l '' - L t * F F l '

for E-Er^+ '-"(f+to-'  "#4)'

for H+E,r-'-" '( '-* 'ff i) '

(2)

I
(3 )

(4)

@ @
\J-t

r t g . . : : . _ Polarization. of 
. [a. 

ves in a
- - 

a) ' I i -ErrTi DJ tr:  E: 'r-  i  c)
cyl indrlcal slotted l ine:

Soumerfeld wave'

= s€".'f r-o/.9- '" 8ob4

yu-L?l"'a'rtio"S
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Flg. 3. Scheuratic of the
experlnental setuP.

where

)
0,,0

11, . :cos-1-

n
lt,w

2  f  e * l  ,  e * 1 1
to: 

l .rp t k""" (r i-) 
- 

S I,

t : l  i R l  Ir l

Note that in the derfvatlon of formul-as (2)-(a) the fol lowing assurnptlons were made

z '<1 ,  k 'a ' lT4<I ,  z "<<k"a ' (e - ! )  .  (5 )

It  1s of interest to fo11ow experimental ly the dynarnic behavior of the conversion of

waves of a round dielectr ic waveguide wtth a narrow rnetal l ic str iP inco vaves of a dlelectr ic-

f11led cyl inder with a slot in order to obtain data on actual specimens with a nretal l ic envel-

ope of a f ini te conduct, ivi t .y and thickness. The method of investigation does not change when

pass ing  f rom cne spec imen or  wave type to  another .

2. EXPERIMENTAL INVESTIGATION OF A CYLINDRICAL SLOTTED WAVEGUIDE

A part ial ly shlelded dielectr lc rod was irr.r"rt ig"t"d in the nri l l iureter wave lange. This

r..1r. r .rg" was ielected, because i t  makes i t  possibl-e to real ize simply the dif fract ion input

of energy into the open transmlssion l ine and, therefore, a selecti .ve excitat lon of the in-

v e s t i g a t e d  w a v e  [ 9 ] .
Figrrr" 3 shows the schematic of the experlmental setup. Through a horn antenna 4 and

;ffract ion srat ing 7 osci l lator I  exeites a surface wave in the investigated specimen S. The

,Jngitudinal distr iburion of the f ield in the l ine is picked up by probe 9 or 12. Signal frorn

detec tor  10  (13)  v ia  an  ampl i f le r  en ters  a  recorder .  Ampl i tude ea l ib ra t ion  o f  the  graphs  was

achi.eved using a cal ibrated attenuator 3. The standing-wave regine was establ ished in the

l ine by a short-circul-t ing netal l ic plate 11. Wavelength was measured using a resonant wave-'

meter 5 that was connect"d 
'b.tr. .n direct ional couplet 2 and detector 6. Probe 12 was tuned

to resonance, indicat.ed by the maximum of the signal ln detector 13, by moving the short ing

p lunger  14 .-Excitat ion 
and receptlon of the lnvestlgated wave wab ensured by a sultable cholce of

the dif fractLon gratlng, sett ing the necessary excltat ion angle 9, and of the Polarizatlon of

the horn antenna and the recelving probe type. The total i ty of the above procedures made i t

possible to selectively excite the parttal ly shielded dielectr ic rod with a rnode purity of

IO-+O aS in the"presence-of 6nother h'ave type with orthogooal polarization and a purlty of

10-20 dB in the pt.".n". of waves of the sarne polarizatlon as the one investigated. The

r.ransverse components of the electr ic f ield were investigated uslng a coaxLal Probe 12 with

a quarter-wave dipole at l- ts end. The diarneter of the inner conductor was 0. 15 mro. The lon-

gitudlnal 
"orpon"rrts 

were lnvestigated uslng the narrowed end of r,raveguide 9 with a coupllng

i lot of width 0.1 unr and thereby a high resolut ion could be obtalned for a workJ.ng wavelength

) , = 4 . 1 r n m .  *

Frorn the measurement of the longitudinal distr ibution of the f ield in the regime of hLgh

standing-vave rat ios, we obtaj.ned the wavelength inside the l ine (the Period of beats of the

forvard and ref lected waves was equ-al_ to one-ha]f of the wavelength in the Line). Ttre working

travel of the probe in the setup wa! !200 mm so that we could measure the wavelength in the

investigated speciuren with an accuracy of !0.25"1. The osci l lator vavelength was measuredwith

6 2



- c
u,ih

Fle. 4. Curves of the del-ay coeff icients

l i?" 
"t..1- 

-soria 
curves are theo:etical

-- -  
ate experlmental:  circles - I l  waves;

vs. the angular wldth

and the dashed curves

squales - E waves'

' : a r y a n p t A f ! u n d e r t h e s e c o n d i t l o n s t h e t o t a l e r r o r i n t h e d e t e r o l n _
the ald of a resonant-tyPe."t:" i : :" t- ;  

unoer Luso

at ion  o f  the  de lay  coef i i c len t  was  t0 '5%'

3. DISCUSSION OF THE EXPERIMENTAL RISUI'TS

F i g u r e 4 , a , b s h o w s c u r v e s o f t h e d e l a y c o e f f i c i e n t s o f t h e n a t u r a l - w a v e s o f t h e P a r t i a l -
rv shierdea ai.erecti i;-;";-;". "r.g,rtri 

;;; i  or ,t '" .roi"rlt tp""lo'""" of 
,two 

tvpes (of a di-

arneter  1.5 and 2 '3- ; ; - respect lve iv l ' ' -  i " i  lhe d ie lect r i " ' ; ; t ; ; i ; i  we uspd'  oolvethv lene (e=

=  z . z 5 ,  r s  6 = o . s ' I o : ' i .  
' T h e  

m e t a l l i c  l ; " ; i ; P " t " t ' Y d t ; ; l " p p " t - t " n o f  
t h i c k n e s s  d = o ' 0 5  r n m '

. Branch I ln Fig. 4,a corresp"id:';t; tt"L tir it d";;;; ' i ;agitudi-na1 currents on the

nerall ic strip (Figl 2,c). lhis wave ils e*"ited by a i i?li""t i"" grating of the courb tvpe

wi th narro! ,  s lots . " 'v l . lor r '  o f  the inc ident  Ltave was paiarre l  ro the grat ins s lots '  The

narrowed end of rhe waveguide was 
"";-;;; 

the probe'. ;L;;-; it dieleciric tJd tt" completely

shie lded (gr ,o]o) ,  uranlu r  
"ot r " "poid; - ; " - i ; ;er fe ld 

wave wi th a very srna1l  delay due to

the finite conouccivity of Ehe 
"opp.t"!it,"rop"' 

rr '" pt"t"o"e of the slot-and its increase

resurr in a greac delay of the somrnerfeld wave or, 
"""orri l-oi-air" 

dielectrtc' The delay co-

efficient becomes gr""i""t wlen rrrl-r.r;;;; ;; the striP ;t ;rt;;;":- In this case' the shield-

ine of the rod is i inirnurn and, moreo*r"r, ar," f inite.onii"i i" iay of the rnetal' as in the case

:?'J::l[ ;"*1:i.;i] :::*J:*:";.':":,:':i:;'.lliili; ,lansverse componen'!s or-.ve1'Lor

E. Ttris wave "." 
]iii..d by a airtrl.iioi griii"g "r 

rnl"l""o tvpe wrtrr.wide slots' vector

E of the incldenr ,."" i" tn parallei-i""ir'!-"iot-i" J:'F1;lli:'^:":-:n;r:l::::::tt::,;:t:

a coaxial probe wirh a qua:re:::T^i:a:ti; ,ll""ill"::r;:;:tuilt"il ii!:l;-;;;;-;ois, 
ir is

",-ri." 
in energY being roalnlY :r?nsr:

narurar ro carr rhis-wave a slot '"'; ';;-;i '---'. 'ty" ii^iit ' ;l:-::tl:t:.,the slot wave deJ'av

coeff ic iena ",  " t i ""raeed 
from fott t ' i " ' i r l '  r"  t r ' ' t  r"g]oi  i t  * iat t ' "  of  the slots 0r 'o '80"

we observe a good agreement-!e.twee1 tt.-trr"oty "' 'a "*p"titental 
values' Further on', we ob-

serve a srrong aivllgence which ""r, 
i.="*ni"il"l.uy ti 't-"ppto*i*t:'":::t" of the forrnula

.n". ;i: :i::'#"1ilf:#ji:n;rl :i:ii.:::'i,ii.;li.:::fi':i:.'ii;.n up ,. 01,0= loe'-
Z2oo asdrhereafter the 8oo 

"to'ttt '] '"o"ti""o''"1y "h";;;;-into-tt't 
t{rg"- wave and its delay

lncreases uP to the value of the-delay-of- !1" ' IEl ' - :" : ;"1;  " 'ot 'od 
dielectr ic wavegulde'

curve 2 in Fig. +ra aeprcts rr:3 lelal'coeffici'enr.of-.i.-Firr=-r"r," 
r".obrained from formu-

las (2), (4). Cooa agr".oenr berwe;i il ' i l i-ir.1r--1"a""-*p'"tiit"tal 
data can be observed'

Branch rr in- Fi gI 1, " ::"' :*"i:;"i:,:l:.1+-:i- Ji:;".;:i;: i"lt":::'' hi ii"iiii"'li'
delay coeff i 'c ient as a functlon ot I

and (3)..-.1\^ro.-exper,imenral plots O li i i"r ' i"t-., i i ' ."".er1'"JiiO;-and 
356o are shown' rhe

H-Ett+ was excired l ike the excita,i",. ir-i"-n"tt"ra'i ' i t"""t"a-i i"-t ' tttoted 
end 9 of the

wavelulde was used as a Probe: --
. .ne ,oust note that Lranch I 'I 'n F1g. 4,a.r:^:1" region of angles. e1, o = 220"-240" corre-

sponds to very 
"rir i 

delay coefgi.i.otJiu az I.005).. i i"". i i l" i It tn.-itow surface wave 1n-

ro fast escaping lrave can quire posrii iyto"""' in-the.i;;;;;; i" 
between the experit:"t3]-

ll3:";,"':,:':il"':i!,'ll'"llu:::::'"":::li!tq'*#ii5:"'::'f,': ;:::':ili lili'il!'i'il
electrlc rod of a Latge dLameter - to wi! ' 2a=2'3 w' 

/<a rnust correspond

."",,iir.i*:::='il*i:::*=::*"::;"r::: tl*":'::::";:'::::'::T'; il;-il;-;;;""
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exper imenta l  da ta  s lo i la r  to  those in  F ig .  4 ,a . ,  As  1 t  fo l lows f ron  F ig .  4 ,b  (b raneh I I ) ,  the

s lo t  wave cont j -nuousLy  passes  in to , the  H*Et f  wave in  the  reg lon  o f  ang les  0 t r0=240o-300o.

A somewhat greater spread 1n the experiurental plots in cornparlson vith the case of a rod of

dlarneter 2a=L,5 rnm can be observed whlch is explai-ned by greater errors ln the fabrlcation

of  the  spec i rnens .  The de lay  coef f i c len ts  ca lcu la ted  f rom fo r rnu las  (1 ) - (4 )  a re  in  agreement

with the experlmental values withi.n 52.
Together wlth the considered waves, one of the higher wave types ls produced in the re-

I  
' t l  

o f  a n g l e s  0 r . o = 2 2 0 o - 2 5 0 o  ( F i g .  4 , b ,  b r a n c h  I V ) .  T h e  p o l a r i z a t i o n  o f  t h i s  w a v e  l s  t h e

sari ie as that of t i re F+8p- wave and excitat ion and reception of the former was achieved ln a

sirni lar manner as of the latter.
In  add i t ion  to  the  above methods  o f  

'de terminaL ion  
w i th  respec t  to  exc i ta t ion  ang le  r f  and

the 's tand ing-wave per iod ,  the  noda l  compos l t ion  o f  the  i .nves t iga ted  spec imens was cont ro l led

in  the  measurement  p rocess  w i th  respec t  !o  the  per iod  o f  the  spat ia l  beats  be tween the  d i f -

fe ren t .wave fo r rns .  The per iod  o f  beats  be tween two \ taves  propagat ing  in  one d i rec t ion  w i th

propagat ion  cons tan ts  y l  and y2  is  equa l  to  A !=2t r /y t -^ tz .  Th is  n re thod exh ib i ts  a  h igh  sens i -
t i v i t y :  the  .pa t te rn  o f  beats  can be  read i l y  d iscern ib le  when two waves  w i th  ampl i tudes  d i f fe r -

ing  by  up  to  25  dB are  exc i ted .

4. ATTENUATION OF WAVES IN A SLOTTED WAVECUIDE

At tenuat ion  j . s  an  impor tan t  charac ter is t i c  o f  t ransmlss ion  l ines .  The feas lb i l l t y  o f
selective excitat ion and reception of one vrave type urade i t  posslble to determine actenuation
of  each o f  the  waves  o f  a  par t ia l l y  sh ie lded d ie lec t r i c  rod .

Attenuation was determined frorn the measured values of the standing-wave rat io p at the
beginning and end of a long-l ine section -t .  The worklng formula has the form

tpQ) -Lltp (0) +11
(d3/m).

l p ( r )+ l l t p (0 ) - t l
9,69,

d:nEtD. ( 6 )

This rnethod has advantages in comparison with the urethod of determining losses fron f ield in-
tensity drop along the l ine since the former does not require exceptional ly accurate adjust-
ment of probe displacement along the i . ine.

The Table shows some values of the measured attenuation coeff ici .ents c and calculated
according to [3] for the slot wave. In the case of narrow slots we observe a good agreement

between the  theore t i ia l -  and exper imenta l  va lues .
The h igh  losses  o f  Somner fe ld ts  wave in  the  spec imen fo r  2a= 1 .35  m,  01 .  o  =  33"  can be

explalned by the fact that the attenuation coeff lcient of this wave U :c' I  and- the wave is
readi ly radiated froro inhomogeneit ies of an actual speclmen.

By produclng ait i f ic ial weak lnhornogeneit ies ln a cyl indrlcal slotted l ine we can real lze
different constructlons of-dif fract lon f l l ters for the slot wave. For such inhomogenelt ies
L ie  can use bent  sec t ions  o f  the  11ne [8 ] ;  a  per iod lc  var ia t lon  in  the  s lo t  w id th ;  a  d i f f rac-
t ion grating with narror slots, well  radiat ing waves with longitudinal components of vector E,
and p laced a t  a  d is tance o f .  - i t lZ  f ron  the  cy l inder  sur face .  Such d l f f rac t ion  f i l te rs  rad ia tC-
readily surface waves wLt.h a sroal l  delay and i t  ls therefore desirable to choose the design
widt.h of the slot within thei l imits 0,,0<80o-100o, where the delay of the SonnerfeLd wave ls
very sma11 and the delay of the slot wave is maximum.

In practlcal usage of a cyl indrlcal slotted l ine dif fract ion f i l ters must be used only
when'the rat io of the slot wave anpli tude and Souunerfeld anpl i tude at tbe exciter outPut'  or
at the output of any othei functlonal unit ,  is unsatlsfactory. The dlf fract ion input ensures'
as a ru1e, the reguired nodal cornposit ion-luri ty.

a ca lc .
t3l, d8/!a

Sommerfeld wave

Slot wave

1.93+-0.27
26
2 .8+ r .5
s,oF,s
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suul'tARY

In calculatLon of the disperslon of saves ln a round dlelectr lc rod wlth a perfect metal-

l ic envelope [1-3] 1t was establ lshed that one fundaurental wave tyPe, 1.e.,. the f lss slot waver'

is produced when the slot ts narron (0r, o*0) and t l to waves FErr- and l fErr? are produced

when the  s t r lp  l s  nar row (0r .0*360 ' ) .  fhese concepts  i re re  subs tan t la l l y  cor rec ted  by  exper i -

mental studies. IE turned oi.rt  that the Foo slot wave contlnuously changes into the f8rr-

wave when the slot wldth lncreases fron 0 to 360o. .Together sith the presence of the above
\raves there ls always the possibl l l ty of propagation of a Somnerfeld-type wave due to the
f ln l te  conduct iv i t y  o f  the  oe ta l l i c  enve lope as .we1 l  as  to  e>  I .  I t  i s  charac ter ls t l c  tha t
the delay of So$nerfeldrs wave occurs wlthln the sane interval as that withln which occurs

the delay of the fundamental wave Hoo-f8t-,  only l t  lncreases rather than decreases with

increasing 0rro. As to attenuation, for SonmerfeLdfs wave lE can be sornewhat sual ler than
f o r  t h e  H s s - H * 8 1 f .

Somnerfeldts and fundaurental wave of a part ial ly shlelded dielectr ic rod turned out to

be quite satisfactory wlCh regard to attenuatlon and delay (part icularly 1n the region of

high slot apertures). The dif ferent nature of these waves mrnifests i tself  in the consider-

ab ly  d i f fe renc  f le ld  s t ruc tu re .  Th is  fac t  o f fe rs  a  poss ib i l i t y  fo r  se lec t i ve  exc i ta t lon

which is of no 1irt1e importance for appl icat ions ln ni l l fuoeter-wave engineering. One must

note thaE apparently we can investigate Sornrnerfeld's wave only experinental ly ln the trans-

mission l ine since at present the developnent of a r lgorous theory of propagation of waves in

a rod with a nonideal envelope encounters considerable dif f icult les and to overcome then is

one of the lmportant problerns in dif fract ion theory.
Thus, we experimental ly investigated a transmlsslon l ine in the form of a part ial ly

sh ie lded d ie lec t r i c  rod .  The noda l  compos i t ion ,  de lay  and a t tenuat ion  in  the  long-wave- re-

glon are deternj.ned. Delay of the waves in such transmission l ine can be varled within wLde

l i rn i ts  by  su i tab le  cho ice  o f  the  s t ruc tu re  parameters .  A t tenuat ion  tu rned ou t  to  be  qu i te

acceptab le  fo r  bu i ld i .ng  func t iona l  un i ts  and e lements  on  the  bas is  o f  a  cy l indr ica l  s lo t ted

l ine in the mil l f tneter-wave range.

i .

7 .

REFERENCES

N o s i c h ,  A .  I .  a n d  V .  P .  S h e s t o p a l o v .  D o k l a d y  A N  S S S R , 3 1 L ,  N o . 2 ,  P . 3 4 L ,  L 9 7 8 ,
Nosich,  A.  I .  and V.  P.  Shestopalov.  Radiotekhnika 1 Elektronlka,  4,  No.  10,  p.  1949,
1979  (Rad io  Engng .  E lec t ron .  Phys i cs '  31 '  No .  10 ,  1979 ) .
Nos i ch ,  A .  I .  and  V .  P .  Shes topa lov .  Dok lady  AN SSSR,  250 ,  No .  5 '  p .  1381 ,  1980 .
Andrenko,  S.  D. ,  V.  V.  Kryzhanovskl i ,  S; -A.  Provalov,  et  at r .  In :  I I I  Vsesoyuz.  s i .mp.
po nil l imetrovym i submill iroetrovym volnam (Thlrd All-Union Syrnposiurn on Mill ineler and
Submi l l i rneter  Waves) .  Abstracts of  Reports .  Vo1.  1,  P.  i0Q'  Gorrk i l r  1980.
Nefedov, E. I. and A. T. l ialkovskli ' l  Poloskovyye linli peiedachl (Transrnission Strip-
l i nes ) .  Nauka  P ress ,  Moscow,  t 974 . !
Vainshteln, L. A. Elektromagnitnyye volny (E1ectlomagnetic Waves). Sovetskoye Radio
? ress ,  Moscow,  1957 .
Nosich, A. I. and V. P. Shestopalov. In: II Vsesoyuz. .slmp. po rnll l funetrovym i sub-
uril l lnetrovym volnam (Second A11-Unlon Symposium on Mlll ineter and Subnll l ineter Waves).

+Tff:;:"ltul"ll";i"r!u.l?"n"lli;.-il1"i313; (Dlelectrlc waveguides) . soverskoye Radlo
Press, Moscow, 1970.
i l 'ar"" t" .- i .  o. ; tv.  G. Belyayev, N. D. Devyatkov and V. P. Shestopalov. Doklady AII  sssR'

o a O a o

a

J .

4 .

8 .

9 .

6 .

5 5


