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ABSTRACT

I
I A new method for the analysis of die lectric waveguides for milli-

1 meter and optical integrated circuits and a new dielectric waveguide

structure are presented. A comparison between this new method and the

1 previously availabie approaches by Itoh is given. Experimental results

are described and the agreement between theory and experiment is shown
1 to be quite good .
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I . iN t~~ 1’~UC ~l t3N4
D i e l ect r i c  ~u Id i ~~~ at. ruc tu  res tor mi l l im e t er \~:Iv ~‘ re~ uefl~’ I ~‘s a ~~~ ‘

t l o w—lo ss , itlexpens (ye • t rausmi sa t  on uit ’~t t ~t ch can rt ’p ta c t’ co nvt ’nt  i ona 1

metal  t i c  wave~iuides  ~t in  1 at  lowe r u~~ u~’uc I

Traditiona l metal iv~~~~i5ks c oa x ia l  cables , and ~ t c r os t r {~

gui des des I ~nuJ for t r itnsin I a a I On at  ml c t- otcavt’ ~ r~’qt R1I1c eS ~‘e’~ ’ Orni ’

increastn~ l v t ossv and expens ( v i ’ to  n u f a ct u r ’ t~ ml I it’t t ’ wa~.e

fr equenc ies  • With the advent ot  low — los s , high rts ~at  tv ~ pe n n t t t  i v t t v

dielectric n~ terlals , dielectri c ~uiJttig structtirea have r ece ived  c o u a i~k r —

I able attent ton or these app 1 (cat ens . ~ ( t ’ lectri c wav~’gui . tea  o t  t e r  the

posaibi 11 t v  r e du c in g  t ’et h losses an5t m a f l u t t c t t t r i n g  ex~’t n ~ es

A p r imary  source o toss  in  ~neta lii ~
‘ gut~tI ug at rue tires I a ‘ou ie

I heat tug of th e ~neta t ic stir ~.ieea . l~v cen(  I ni ng the ~i ~‘ w th  di1 ’ tec tt’ i

Interfaces and awa y from conduct I u~ t~i a t t ’ r (a  Is  • t h i  a en I I ess can 1’~’

lar ge lv •‘ i ~tt ( us ted . A a ecoud toss ~tee han I sui , a ~
‘ at  t or  ug rem a nt  .t~ ’ ~‘

I I r regular (ties , is  di roe t lv ri’ is t od 0 th e  expense e convent i ‘na 1 gui des

ln order t o  ntin in i i :‘ scat  to t ’  I ug tosses  , cot~v en t  lou~t I gui des must t’e fabr —

cated to pre~ tse tolerances . ~
( e tectr Ic guides that Sr . ’ t v~’i cal v large r

dimens I ens I Iv  than t he Ir  couvet i t  ‘t 0114 1 counte ’ r it .  t S • e t ’ t o  r re 1.1 xt ’d

tolerance reqtt i renicu t a en th I $ I cat on.

1 ilv exploiting the dit ’ieetric g u i d i n g  aehetiti ’ to  the ~u l l 1 ’st

monol ithic integrated st ructures t~~tch .ice a comp lete t :ittsr ~i t er ot

I receiver etr etti t on a single dielectr ic a lat’ art’ ~isit ’ie

Severa l comronenta such as 5’sc ( l  l at o r s  ml xe rs  , ~‘haa , ’ sit f t  e t a

di  rec t tona I con ~‘ Ic rs and antonn5s c.’u U no ided ut  o :1 a .‘ shot ’

1.
~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - . —--—-- 

~~~
---‘ -——— -- -.-•— _.
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of dielectr ic  m a t e r i a l .  The ease of fabr ica t ion  of d ie lec t r i c  mater ia ls

by injection molding or stamping means such integrated circuits could be

inexpensively produced .

As elaborated above , d ie lect r ic guid es a r e a n a t t ract ive ca ndidat e

for fu r the r  study . A great deal of work in this area has been contributed

I “ 3-8by McLevige, Itoh and Mit t ra , t t oh , Knox and Toulios , Kloh , A rmata , Jr.

9 10-11 12-13and Chrepta , Chrepta and .Jaco bs , Chang and Kuno, Levin and

Kietz ,
14 

Takano and Hamasaki,
15 Oxley , et. al.,

16 
Schneider ,

17 
and

Marcati lli- 18 19 
Marcatilli , however analysis of these structures is

difficult because one is forced to deal with non-separable geometries . An

approximate solution which circumvents this difficulty , the effective

dielectric constant (EDC) method , was introduced by Knox and Toulios
8 
in

1970. This present work represents a generalization of the EDC method by

recognizing the previous ly undiscussed role of polarization . The general4 -

zation may be termed an effective dielectric parameter method which is

comprised of two complementary techniques: (1) the effective permitivicy

method which is equivalent to the EDC method and , (2) a novel approach ,

the effective permeability method . The centra l notion , discussed fu l ly  in

Sections II A-E is to slice up the non-separable structure into two or

more structures which are soluble by separation of variables.

Af ter solving boundary va lue equations , each region can now be

approximated by effective dielectric constants. Then the data in the

revised problem can aga in be computed by se para tion of var iables , the propa-

gation cons tants k
~ 

can now be determined .

The effective permeability method is a new method which is based on

the same principle as the effective dielectric constant ~iethod , but instead



- ---~~—--~~~~~~-
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of using effective pernitivity to approximate each region , it utilizes

effective permeability . The theoretical reasons for the choice of using

1 effective permitivity of effective permeability are discussed thoroughl y

in Section Il-C .

A number of practica l guiding structures are analyzed by this

approach . Two forms of the inverted stri p (IS) guide (Fig. LA) introduced

by McLevige , Itoh , and Mittra’ and Itoh2 are addressed : (11 a quartz-teflon

(QT) guide composed of a quartz guiding layer resting on a teflon strip and

1-
(2) a homogeneous inverted strip (HIS’l guide , so named because it is composed

of single dielectric material. A new guide structure with many advantages ,

the homogeneous inverted strip (HIS) guide (Fig. lb) is introduced in

• Section Il-F , and the familiar rectangular dielectric rod guide (Fig. lc ’l

is also discussed .

En addition to the theoretical analys is , experimental verification

i of the predicted f ie ld  conf igura t ions  of the f i r s t  three guides have been

carried Out as discussed in Section I I I .

From the data obtained in the research on homogeneous inverted strip

waveguides (HIS) and quartz-teflon guide (QT), the experimental results of

the dominant mode wavelength agree quite well with calculated results using

effective permitivity method . Experimenta l results also show that there 4

exists a second mode . The calculated second mode wavelength of QT guide

using effective permitivity method also agrees closely with experimental

results; but the calcu lated second mode wavelength of HIS guide doesn ’t

agree with experimenta l results. Thus, the effective permeability method

I was devised to solve the waveguide problems in order to de termine whether

I
I

j
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the ca lcu la t ed  r e s u l t s  agree wi th  the exper i~ en t a t  r e s u l t s .  It  turned out

to be the case.  The comparison for  the exper imenta l  r e s u l t s  and both

methods calculated results are shown from rable I to Table  13 .  S ince t~eth

methods can on ly  g ive  ap p r o x i m a t e  so lu t i o n s  to the p r o b t o n s , the experi-

menta l r e s u l t s  are the on ly  r e l i a b l e  data . Even so , we stil l want  to be

able  to predic t  the r e sult s  before  devices are made and mea suremen ts  are

taken.  Both methods are s imple  and t hey  do provide good ap p r ox i t n a t i ’n s .

However , they are more be l ievable  i f  the c a l c u l a t e d  r e s u l t s  of both methods

agree with  each o t h e r -

Finally, both methods are used for  i t e r a t i on  One method is used

first , and the results are used as approximation fields for the other

method , then the results are used as approximation fields for the first

method . At ftrsc , there ire differences between the two results hut a f t e r

a few iteration steps , al solutions converge to the same value .

The cross section of all these guides are given in Figure 1 , the

experimenta l results and calculated r e s u l t s  a re  g iven from ~~hle I to

Table 13.

~ -~ --.~-~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~
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where

~efd c 2 _k
d /k  ( 13)

~* I
— — k /k (14)efs 2 ys o

A f t e r  repl ac ing Regions I , II , and I I I  by the h y p o t h e t i c a l  m e d i u m

wi t h the  e f f e c t i v e  d i e l e c t r i c  cons tan ts  - and ~- * 
r e sp e c t i v e ly , t h ~e ts  e f d

I

propagat ion cons tants  k may be dete rmined by m a t c h i n g  the f i e l d s  .~~ ‘ ~ a4 - l i

ver t i ca l  i n t e r f a c e  of a th ree — layer  s t r u c t u r e  a~ shown In F I R .  .I~~fl .

The eigenva lue equation for k is obtained f rom :

2 ~k — c  k — k  — €  k + ~~z etd o x e f s  o

(_
2 

— k ’ ) sin [k (x 2-x 1
)] + 2~ k cos [k (x 1— x 1fl — 0

p.

H
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3cc-ause the  tnc : ±e~:t angle and th e : r a n sm t s s i ’n  an~~~e ,

~-oev Sm e l l ’ s aw , nanel’- :

— ~- , —
~~~~. s t r i  — —k , S t n

vi : —

where ~ 
— 

~ ~~~~~~C . :.- , — k ‘ , C ,o - o - -

E q u a t i o n s  ~~ m d  ~~ ca n be r e w r i t t e n  a s :

C — k . , -
.
~~~~ 

~j 9\I v~.

— C S L r i
I I

— cos 1 
? .

C ’, — — , •  
—

- - I’~- ~~~3

C , — C , S f n

— C , ccs 
~~:-.

‘
~

The r e f 1~ ct~ on -~~ef f i c i e r . t  ~~~ :‘~~r :‘.~~ new ‘r o b l e m
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‘V-

* I -,
U — u  — k / ~~ k ( 28)1 1 vi  10

.4

— — u 1 sin

— ~ (29 )
.4 1 1

*and if Region II is replaced by an e f f e c t i v e  permeabi l i ty  
~~~2

’

2
* U 2 

— — k 2 /~~,k -  (30)

- u 2 u 2 sin

— 

~2 cos 2 e (31)

- and , f i n a l l y ,  if i t  is assumed tha t the plane TM—wave inc idents  normally

to the in t e r f ace  as shown in Fig .  .~(b ) ,  the reflection coefficient R* for

th is  new problem is

R* - ~p u */~ - V L ~~~ */  
~ ~ / (~~~2 *R 2 + v’u / c  ) (32 )

T A f t e r  s u b s t i t u t i n g  equations (2 9)  and (31) in to  ( 3 2 ) ,  we obtain

1 R* a - n
1 
cos e 1)/ (~ cos + n

2 cos R (33)

v

-. -.- - —-- •— --- - -~~~~~ 
--- ____: ~~~~~~~~~~~~~~~~~ - -~~------ - — —
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Similar ly , if Region I and II are replaced by e f f e ct i v e  die1ectr ~ c

constants , the same reflection coefficient cannot be obtained .

3. In short , the polarization of the plane wave determines whether

effective or effective a should be used . For TE wave , effective ~ must

be used . For rh wave, effectiv e a must be used .

~e. The eigenvalue equations for the slab guide can now be derived by

using the above concept. If  it is TE wave as shown in Fig . 5(a):

(34)

I ‘~ I
k + k  =~~~ c k (35) —

x2 z2 2 2 o

= k
2 (36)

the effective dielectric constants are:

= 
l 

- k 1/U 1k2 
(37) - -

— k2
1/~ 1

k2 (38) - 

-

2
— k 4 ’~~2k (40 )

2 2
— k  /~~kx2 2 o

____________ _______________ _____________ :_:~ :~~ 
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I’
1 These are iden t i ca l  equa t ions to e q u a t i o n s  (- . 1) and ( - t 2 ) .  T h e r e f o r e ,

we can get  t r ansverse  cigenvalue  equat ions  f o r  TE waves by the e f f e c t i v e

m ethod .

- 5. I f i t  is a ~ 1 wave as shown In Fig . 5 ( c ) ,  then :

1 2 2
k + k  = u  c k (34)xl zI 1 1 o

2 (35)I IC., + k 2 = ‘~2 ~2
I.

= (36)

and the e f f e c t i v e  pe rmeab i l i t i e s  (a ’ s) are :

I 
I

= ,j — k
1
/c~ k (s7 )

Ii I I
= k 1/t 1

k~ (-~8)

*

2 
— k 1,’~~7 k~ (4 9)

S

7f = k~~ /e ,k (50)x.. ~. o

t

The or ig inal  problem 5(c) can now be replaced by the e q u i v a l e n t

I problem as shown in Fig . 5 ( d ) ,  in which  a T~~I wave re sonates ins ide  a

slab gu ide.

I



-- -- —C--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~- - - 
~~~~~~~~~.

-20—

The ci genv i Inc equt t ions oh t a tried fr om  i • i, c)  ir e

- }  k , d k )C 

~~~ . t a i i (  ~~~~~
- ) - 

~~
-
~~

- - - -
~~~~

-
~~

- (51)
-

k dxl. .. - ,svm I- . t an  ( - - - - ) = V I

The e igo t w  - i I at ’ oqun  t ions oh i - i  I ned f ron t  F I ~ . ~ ( d )  - i  r t ’:

u n t i s v m  E ~~~~~~~~ - a  -j t a n ( - ( S i )

s m  1 [-=  ~~~~~~ c o t ( ~~~~- - )  ( 54)

Rewr i t e  ( 9 3 )  .i nd ( 9 4 )  - i s :

k d 1 ; k ,
an t i sym E

~ t.i n(---~~- - - ) = ( 9 S )

k d
/ xi ~ .. xl. -

~~Vni F~, tan~—--;—-- )= ~ - 
- - -

— 1

- -
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These equations are identical to (51) (52) and consequently, we

can get transverse eigenvalue equations by the e f f e c t i v e  a method for TM

wave.

I

• 6. After determining the criterion for using effective c or effective a,

let us consider again the inverted strip guide as shown in Fig . 6(a). The

principal field components are E and H .  From equations (2), (3), (5),

we can see that E is a product of two small terms (so it is negligibly

- .  
small). E and are products of one small term with a large term (so -

they are mino r components) .

The f ie ld components are E , E , H , H as shown in Fig . 5(b) ,
i. - y z x

when each region is replaced by a hypothetical medium , for the interface

- YZ plane . It is a TE wave, therefore , we must use effective dielectric

cons t an t .

If we slice the Inverted Strip Guide in a different way as shown

in Fig. 6(c), when each region is replaced by a hypothetical medium , the

in te r face  is XZ plane , it is a TM wave.  Therefore , we mus t use e f fec t ive

- 
- permeabiLity.

D. The Effective Permeability Method 
- 

-

-

t~ow the effective permeability method will be used to analyze the

Inverted Strip Guide (ISG). In Figure 7(a) the Inverted Strip Guide is
5/

redrawn and each of the regions I, II , and III is taken to be i n f i n i t e l y

: 1  

-
~~~

-
~~

—-— -. t-- i n: ::-.~;-~;- - —-.—- - --—--- - —   . 
- - - -
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I
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‘— Ground P!cne

( b)
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~~~~~~~~~~~~~~~~~~ 
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FIgure 5 .  (a) cross section of inverted stri ? g uide s l i c ed  im tb.e y - d i r e c t i o n ,
(S\ all the f i e M  componer.ts
(c)  Cross sec tion of inver ted  s:ri~ ;u ide  shicel ~n rb ’ x-diro ction .
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long in the y — d i r e c t io n .  Regions It and III are now homogeneous regions.

Region t is a single slab guide (Fig . 7 (b)). The p r o p a g a t i o n  cons t an t

can be determined by matching  the t angen t ia l  e lec t r i c  and m a g n e t i c  f i e l d e

at  each i n t e r fac e , and then  can be replaced b y an equ iva len t  I n f i n i t e

homogeneous reg ion having e f f e c t i v e  p er m e a b i l i t y  
~ef l~ 

We then have a

s t ruc tu re  as shown in Fig .  7 (c).

The e f f e c t i v e  permeabi l i ty  
~ef1 may be determined in the fo l l owing

manner. From c ( 6)  we know that  the f ie ld  components are E 
* E , H , H -

V Z X Z

Consequently, for the slab guide in Fig 7 (b), it is a TE wave pr oblem ,

and the cigenvalue equation is (42) wh ere d = 2w.

jk 2
tan (k w) (42)xl kxl

= J(s
1
-l )k~ -IC1 I k 1 

(57)

The quant i t ies  k 1, k 1, k~ 2 , k 2 are related via:

k
1
= k 1 k ’ (58)

I-
IC1 + k ’’ — s

1
k~ (59 )

IC2 + k ’ 2 
— k~ (60 )
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The effective permeabilit y for t~tis structure ts :

ICxl
U - — 1,~~~~~~ )

~tL 0

We may now determine the propaga t ion  cons tan t  f o r  s t r uct u r e  7~ c~

by matching the tangential fields at each interface. In the o~~, U
f 1~

region , we a llow f o r  the p o s s i b i l i t y  of the f i e ld being e ither  s inuso ida l

or e x p o n e n ti a l ly  decay ing by expressing i t  in terms of a sum of  h vp er b o U c

functions . The fields in the y 2 , u 0
) region - ire  sinuso idal and the

f i e lds  in the (-
~~~, ~~ region are exponenttaUv decaying .

The f i e l d s  are the f o l l ow i n g :

~~ v)  — A cosh(n 1
v) 0~v~h

~ C
( )  B oos [K ( v -h ) ]  + B s in  [k (v-h)1 h — v  h+d

- 
-n 3 ( V — h — d )  

v~~ +~

where n 1 and n 3 are at t e n t u a ti o n  con s t an t s  in t~-~cir respective

reg ions and sub j ec t  to a r e la t ion  of  equa t ion ~~~~

I C —  k~~ + n  
~l ~ef l  k~~ ÷ n ~ - c~ k~ — k ( t ~~

)

where ri
3 must  he r e a l  and posi tive , wh i le n~~v be e i t h e r  rea l or

imaginary .

~iatching the f i e ld components  II a nd E it  v h , we obt. i  La

1 .

- 
. - - - :~~~~~~~~~~~~~ --- - - ~~~-

-
--- ~~~~~~~ -- 

-- - - - 
-
~~--:~= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~

- -  
~~~~~~~~~ ~~~~~~~~~~ -~~ -—
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A cc’sh (n
1

h )  = B ‘66)

n (nh) B k
A l sinh I 

= _
~~~

_
~~~ 

( 67)

and s imi la rLy at  v = h + d

B cos [k d ]  + B ~in [X d J =  C (68)c y S y

—B k sin (k  d) + B K cos(K d)
c v  v s v  v

—n , C ( 0 9 )

A f t e r  a l g e b r a i ca l ly  m a n i p u l a t i n g  the fou r  e q u a t i o n s  ( 6 6 )  t h rough

(6 9 ) ,  we ob ta in :

B = A cosh (n h ) t 7 0 )c 1

B - A ~~~ sinh (n 1h) (7 1)

C — A [cosh(ri 1h) co s ( k d)

+ 
~ k sirih (n~ h) siri(k d) J (72)

l y  -

and the eigenvalue equation:
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n 3~~2~~1
k cesh (ri b) C O S  ( k d)  + n

3~~ 
n
1 

sinh(n
1

h)

s t h(k
~

d) - 
~1
k cosh (n

1
h) sin (k.,d) + k ,n

1
sinh  (n

1
h)

cos(k d)  — 0 (73)

* A f t e r  u s ing  a c o m p u t e r  to solve ( 7 3 )  f o r  k ,  we can then use - -
eq ua t ion  (65)  to ca lc u l a t e  k .

E. Iteration Procedure

The Inverted Strip Guide can be divided into nine regions as shown j

in Fig. 8(a). From the effective dielectric constant method , we can ob ta i n

a set of k ’ s and ky ’S as shown in Fig . 8(b), where :

IC — IC (
‘4 )xl x.. x3

k~~~- k~~~- k ~6 (75)

k — k  — k  v _ n )
X i  x~ x9

From the e f f ec t i v e  p e r m e a b i l i ty  method , we can obtain a set ~f

k ‘s and k ‘s as shown in Fig. 8~ c), where :x v

I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .1
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FIgure 3. (a) ~ine regions for inverted srr!~ guide .
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• S -

— k u , — k” (77 )y l  v-. v-

k~ 
— k” . — k ” , i, 78)

y 2  ~~

U ,~~~ ,~~~ -‘k ‘~ — p . .v3 vo  v9

• Equat ions  (
7~~~) through (7~~) show the d~~fe~ ts of the above two

methods , since the true values of k , k , k may not be the same ,xl x2 xi -
and etc.

If the true values of k ‘s and k ‘s lie between these two sets
x Y

and these two sets -of k ’ s and k ’s are good approximations to the true -

set, then we may iterate and get a set of convergent  va lues .

The iteration procedure is sun~ ari:ed below . First . use the

effective method to f i nd  a l l  the kb ’s and k b ’s. Then use the e f f e c t i v e
x v

method to find all the kUt s and , U, A nd then average these two se t s .
x y

There are nan\ .’c’:-~ to aver age , such as ari :hmotic mean . ~conorn ic mean ,

- - root mean square, etc. The root mean square turns out to be the best

way . It makes the set of values converse faster than any other method.  
*

It also preserves the value of k .  Accordingly , we get a set of average

k ‘s and k ‘s.
x y

k S 
~- k  + kU

xl av .‘d. xl

k , — ~k + k ~x.. iv x2 x.. 

—- - --- ~~~~~~~~~~~~~~~ 
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k — •~~~~ + ,~~
“ (~~2)

xi iv x 3  xi

*1  C ,

e tc .

We then  assume these  average  k ’s m u  ‘s are good a~’p r ox i m a t ions

of the true values , and we ase the ~ffe ttve method again. Taktng into

account the effect of the averace ~ ‘ s to ~et e1fectiv~ ~ ‘s for each- - x

region, we then obtain a new set of IC’s and c’s. and we use the

e f f e c t i v e  u meth o d again with the of f:ct of the a~-e ra~~o 
~ v

’
~~ ’ (SpCCiEicaLlv ,

eliminatin g th e  e f f e c t  of  a~-er a ~ e ~~~~~~~~~ 
by re~ 1ac Ln~ each region by the

ertec t~ yo 
-
~ ) .  We then ~ et  a new set  of  k ’ ’ s and ~ ‘ s , average  t h e s e  t wo

- v

sets, use the  effective method again . and use the effec t ive u method

again. After a few steps , the values of these two sets w il l  converge.

F. Strip—Loa s ated ide

For the stri~’ guide, ~~~~ -
~(aY’ because most of  the energY is in

the gufiing liver , so , the conductor loss i.~ ~u it e  large. If we p u t  a

layer of low d i e l e c t r i c  c o n s t a n t  be tween  the  guiding Liver and the ground

pLane as shown in Fig . ~~~~ (because the fields are exponentially

decay ing  in the  i n s u l a t i o n  L a y e r ) , the c o n d u c t o r  Loss  is s m al l e r .  F u r t h e r -

more , because the effectiv e d imens ion of the ~uLde is smal l e r , its p r a ~~iti~ a

cha r a c t e r i s t i c s  b ecomes ~ie re -~ingle—moded . This po int can he explained by

L _ _  _ _
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the fo Low ~ n-c oxan~ Le . ~-c~~~-~ se ye ado a :h~ n ~a - e r  o f  o:~- ~~i ’

the s~~.b ~-~~oe ~‘--f the z:o-cnd 7 ’ ~Y - ~ ~s 5 : - C  ~~~ 1’ . a

ayer is  i d c e : , :~~en :- e  :- - — -;1::a:~~-~:’ -~ -
~i~~l be as ~~~~~ in F:~~. 2~ b) ,

and th e  ‘

~

. :a~~~e -~:L :e ~~~~~~ 1 - t .  a : r  ~~~~ is n o : aoc~~o ,

v— ’-aria: cn cf -. . ~e as sh-:~cn 7i~ ~~~~~ snd :nu ,~. -:a

~e 7 3 1 . 5 1  1. m . Therefore , the effec ::’.-e nens :’. of :ne slab ~-~ide -~i:n

an air ~ap is si~ n~ ficanrL - - sna lor , even the a:r zaD is er-

we ha ve two s inr e e t n o o s  t -  ini --z2 this ;-~:fe:

a The Effec:i’,-e D i e e c: r : :  Constants ~e:ncd: 5i~~ re l a ~ ,

have redra~-n the stri~ — Loaded insulated z-ci±e and each  of  the reo:o~ s

:, ~~, t is t a l~en to  be i n f i n i: e i . • 5’nO in the x — d i : e c : L : n .  -
~~~ now nave

t h r e e  slab v a v e g u i d es  - Region :s a :::p e— s l a b  z -c i± e  bac~~e~ b-:

~r-ound ~~ ane ~~~~ 11(b)). Reg ions and are ~oub .e—s a5 ~uid~~

backed by the gr~tLnd p .ane ~~ig 1~~~C ’) .  bot h of  t h e se  s :r -cc :-cres  can :her .

be repLaced by ecu~’:a en t  . n f i n i : e  homogene cus  :~~g i o n s  h a v i :~. c ~~~~~~~~~~
-. 

~~~~~~~~~~~~~~~~~~~~~ — - .~
- ,,. 

~~ _.• .J -._ _ ,’, ‘ -
~~

-
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. 
- 
. , .  

~~~~~~~~ 
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- - - -  e~~t

- arid - -  can be de:e~~a i n e d  in :.~e f o ~~.:win~ w~n : ’e r.  Thea r t  era

d o U b l e — s l i t  m o d e l  ina~ :sis ~s tne  same as 7 r e v ~~ous .v no:c~ - The

slab mod e l a~ a : - -s:s is cone assuming :he fields to oe sinUso . o l  the

C ; o —  e\;cr e’- -a e~~~~~-’~ - :-‘ e ~e g _ 5 -’ -~rd ~~~~~
- e— - _ -‘ .~~~~~

or e x po n e n : i a 1’.- ~ec a v i n g  the  and r , r - a - z L o n s . The ‘.- - a : ~ a:~ on in :he

::e . -as :s thus w-r~~::en:

-~~ - - - - 
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~~ (v )  — A o o s h ( n ~ v )  0’~v~ h (83)

.~ — B cos [k (v—h) + B sin [k (v—h ) h cv~ h+d (8-ac v s y

~~‘ ( y)  - C , c o s h [n
1

v- h - d ) l  + C~ s in h [n 1~ v - h - d ) 1  h+d’-v.- h+d+k (85~

~~~ 
— D v~h+d+k (86)

where n
0. n 1

, n
3 

are at t en u at i on  constants in their respective

• regions and s u b j e c t  to a r e l at  ion of equ.it ton (87).

‘ k — k~ -~ n~ — 

~~~ 
k ’~ + n~ — 

~~~~, k~ — k~ .- c~ k~ + n~ (SP)

where n must  be rea l and p o s i t i v e , wh i l e  n 1 , n
3 

may he either real or

tmug I na rv .

~(atch~tig the lie Id components  II and E at v — h  • we o bt a i n :

~ cosh (n
3

h)

• A n sinh i,n ,t~
’) B k3 S \-

—
C C ,

- 3

and ~imi1arl v - i t . v—h+d
4 -

B cos(k d) + B s in ( k  d)  — C ( C ) ( )~~
• C V S v
C,

•

- 1

— -- — - j—-.-- ~~~~ .~~~T --~
_
~~T~~~::
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—B k sin(k d) + B k cos(k d) c n
c y  s y  y •~~

_
~5j~ ( 91)

similarly at y — h+d+k

C cosh ( n
1
k) + c sinh (n

1
k) D (92 )

n.,C sinh(n k) + n C cosh(ri k)
-I~ C 1 i s  

= —n
0
D (93)

1

After algebraically manipulating the six equations (88) through

(9 3) ,  we obt a in :

— A cosh (n
3

h) (94 )

B A s i nh ( n 3
h ) (9 5)

C = A (cosh(n h) aos(k d) + 5- s i n h ( n  ii) s i n (k  d ) )  (96)c 3 y 3 Y Cy 3

k c  m c ,
C A v i  

[—cosh( n h) sin(k d) + —
~

-—
~~ s inh ( n  Ii) cos(k  d ) ]  (07)

S 3 y

fl
3

0 )
0 — A~ cosh(n k) cosh (ri h ) cos(k d)  + — ---~~

- cosh (n k)1 3 v 1.- y 3

s inh(n  h) s i n (k  d) — —
~~

—--
~ s inh (r i  k) cosh ( n  h)3 y n 1c 2 1 3

n
3~-i1. si n (k  d) + — s lnh(n  k) s in h ( n  h)  c e s ( k  d ) ]  (~ 8)y n o  1 v 
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and the eigenvalue equation is:

+ n
1

sin h(n
1

k) C + n
1

cosh(ri
1

k) C
s 

= 0 (99 )

The e f f ec tive dielectric constant - for this structure is:et t

k2

= c
e ft  2 2 (100)k0

After replacing regions I, III , and tI by the hypothetical med ium

with the effective dielectric constants 
efd 

and 
~eft ’ 

respectively, we C

may determine the propagation constant k by solving the problem as shown

in Fig . 11(d). The procedure is the same as previously noted .

2) Effective Permeability Method: In Fig. 12(a), I have divided

the strip—loaded insulated guide into four regions in the x—direction , and

each of the regions is taken to be in f in i t e ly  long in the y—direction.

Regions I , III , IV are homogeneous regions , while region II is a single

s lab guide (Fig. 12( b ) ) .  From the analysis for  inverted s t r i p  guide , we

know that the eigenvalue equation is:

tan (k 1
w) = ~~ c

1
-1) k~-k

2
1
/ k

1 
( 57 )

b. - 
-

~~~~~~~~ 

--- _ _
~~

_ :
~~~~

—---
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The effective permeability for this structure is:

IC
- 

xl ( 61)
en 0 ~~k-

We can now replace the single  slab s t r u c t u r e  by a h y po t h e t i ca l

(c
~~ 

Uef l) region as shown in Fig . 12(c), and we may determine the

propagation constant for this structure by equation (99) for triple—slab

- guide .

c1n
0D + n

1 
s in h(n

1
k) C + n 1 

cosh(n
1

k) c = 0 (99 )

and dispersion relat ion (101) is:

‘ -, 
~ 2 -,

IC k~ + n~ = 

~i. 1
~
’efi 

k~ + n~ = t1k —IC — ~3
k
0 + n (101)

- - 
3) Iteration Method: We may use the same approach as previously

• noted : divide the guide s t r u c t u r e  into 12 regions and then use the ~~fectt~e

c method and the e f f e c t i v e  u method to i t e r a t e .

I G. Rectangular  Guide

This structure has been analyzed by Klohn , A rmata  and Chrepta .

• From the i r  paper , th is  problem is solved by assuming the gu ide  to be

i n f i n i t e l y  long in the x — d i r e c t i o n  and der iv ing  the v—v a r i a t i o n  t r a n s c e n d e n t a l

equation and , similarly , assuming the guide to be in f in i t e l v  long in the

I

~ 

n .  —- - —- - -—-5——-
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v—dir octi on and deriving the x — v a r i a t i o n  t r a n s c e nd en t a l  e q u a t i o n .  They 
t

trea t each d i r e c t io n  i n d e p e n den t ly , and such i treatment Is not r e a so n a b le .

Their  p roc edure  can be m o d i f i e d  b y u si n g  e f f e c t i ve  and e f f e c t i ve  and

ge t t i ng  m or e  r easonable  r e s u l t s .

1) Effective Me t hod: The analysis is the same as descr ibed

for the tnverted Stri p Guide. First assume reg ion  TI (Fig. 1 3 (a)) is

infinitely long in the x—direction , and get the ° f l  for this region.

After replacement , we obtain a structure as shown in Fig. l3(b~~. The

propaga t ion  cons t an t  can then be determined by solving the c ig en v a l ue

equat ion  f o r  a s l a b — g u i d e .

2) E f f e c t i v e  ~ Method : As shown in Fi g. 1 3 ( c) ,  r egi on  ii is

taken to  be i n f i n i t e ly  long in the v — d i r e c t i o n .  A f t e r  m at c h i n g  the fields

at the inter faces , we obtain -
~ - for  thi s  st r u ct u r e .
cr1

After replacement , we a r r i ve  at  a s t r u c t u r e  as shown in Fig. i3(d~~.

The p r op a g at i on  c o n s t a n t  con be eas ily  de te rmin ed  for this structure.

3) Iteration Method : We can still use both the effective and

the e f f e c c t v ~ ~ :netheds for iteration. The princ ipal is the same is tha t

summari.
~
ed In E.

• - _i -5——- - - - -—
~~~

- - -
~~

-—
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I I I .  EXPERI MENTAL RESULTS AND NUMERICAL RESULTS

A. Apparatus

All experimental work is done over the frequency range from 78 GHz

to 80 GHz. Figure 14(a) shows a block diagram of the experimental set—up

for the standing wave pattern measurement. The millimeter—wave energy is

fed to the guide and a reflecting plane is put at the end of the guide.

The standing wave pattern is measured along the guide. Furthermore , the

transverse field distributions are measured by the pinhole probe as shown 
- 

-

in Fig . 14(b). The front end of the guide is shaped like a prism to enhance

the launching efficiency and the direction of the input is chosen so as to

excite the E~
’ mode only and not to transmit energy firectlv to the problem.
pq -

The feeding is as shown in Fig ,  15.

B. Experimental Data and Comparison with Numerical Data

1) Inverted Strip Guide: We have made experiments for three cases.

Case (a) is a Quartz—Teflon guide (QT guide). The dielectric constant

of Quartz is 3.8, while the dielectric constant of Teflon is 2.1

h—1 .6lmm , and d 1.59 and 2wa3.S9mm . Fig. 16 shows the measured standing

wave pattern for QT guide . It is clear that a second higher mode must

exist in addition to the dominant mode. TABLE 1 shows the comparison

between experimental data and numerical data:

-

~ -
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Figure  19 is the measured x — v a r i a t i o n  fo r  the  HIS g u i d e .  Fig. 20

is the measured x — v ar i a t i on  f o r  the  N HI S guide .

2) Itera tion Results: Table ~ is the i t e r a t i o n  r e s u l ts  f or  the

Q . T .  Guide at  f = 7 U , 5-~ G H z .  Table  5 is the  i t e rat i on  r e s u l t s  f or  t he  HIS

guide at f = 7 Q . -~ GHz. Table ~ is the i t e r a t i o n  r e s u l t s  for  the  NUI S guide

at f=78 .7 GHz.

3) Strip—Leaded Insulated Guide: Fig. 21 is the standing wave

p a t t e r n  of t h i s  gu ide  w i t h  -i thin air gap . If we compare FIg. 2 1 wi th

Fig .  17 . i t  is c lea r  tha t the fo rmer  is much more st m g le — mo d e d  th an  the

l a t t e r .

Fi g. 22 is the stand i ng wave P a t t e r n  of the  Nu tS guide  w i t h  a t h i n

ai r gap . It  appears  very sin g l e—tn od e d .

Tab les  7 , 8, 9 , and 10 show the compa r ison b etween ex p e r i m e n t a l

data  and n u m e r i - .~- i i  d a t a .

4’ Rectangular  Guide : F i n a l l y ,  the r e su l t s  of Klohn ’ s9 p aper  can

be compared with the resul ts  obtained from the e f f e c t i v e  method , the

e f f e c t i v e  me thod , and the i t e r a t i o n  method .

_ _ _ _ _ _ _ _ _  
- -
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TABL E 3 ( b )  r

QT GU I D E  ITERATION RESULTS
EFFECTI V E ~~ METHOD , f 7 9 . 3 GHz

: k
1

(tn
1
) k 2(m

1) kr ’) k ,(m )k (m~~~ k ( m~~ ) k ( m
1
) \(mm)

1 620 .7  000.0 000.0 l b 3 l . 2  000.0 000.0 2 3 4 5 . 5  2 .208  1.104
- ‘ 5~0 7 ~Q5 “~6 1150 0 lQ~ 4 ~~~~~ ~833 1 ‘18 1 109

3 600.8 238.9 238.9 1412.5 119.8 119.8 2837.1 2.215 1.107

• 3 587.5 271. 7 2 7 . 7 1287.5 158.6 158.6 2333 .9 2.21n 1.108

5 594.5 257.1 :~~~~7 . I  1351.5 130.5 1-40.5 2835.-a 2.216 1.108

- 
6 591.1 26.4.7 264.’ 131Q .9 139.8 139.8 283 5. 3 2 . 2 1 6  1.108

7 5~ 2.9 261.0 261.0 1335.8 145.2 145.2 28)5.t~ 2.216 1J08

8 592.0 2b2.9 262.’) 1327.9 137 .5 l3~ .5 2835.5 2.216 1.108

• 592.4 2o2.0 262.0 1331.8 146.3 146.4 2835.5 2.216 1.108

10 592.2 262.3 262.4 1329.9 146.9 146.9 2835.5 2.21r4 1.lOS

k ( m ~~) k~ 2(m) k
~3
(m) k ( ) ’ (

1
~ k (

1)

- 

1 1o33.1 1557 .5 2308.2

2 1592. 7 1552.0 23 11.9
- 3 1610. -a 1554 .6 23 10.2

4 ló Ol . 9  1553.3 2311.1
‘
~~ 5 1606.3 1553.9 2310. 7 C

6 1604 .1 1553.6 2310. 9

• 7 1605.2 1553.8 2310 .3

8 1604 . 7 1553.7 2310.8

9 1o04. 9 1553.7 2310.8

10 1604.3 1553.7 2310.3

I

1
_ _ _ _ _  

-
~~~~~~~~~~~~~~~~~~~~

.- .-5—
--~~~~~~~~~~~~

—— ---- 
~~~~~~~~~~~~ 
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TABLE 5~~a)

HIS GUIDE ITE RA TI ON RESU L TS
EFFECTI VE ~~TH0D, f=7~ .-~ GHz

k 1(m~~~ k 2(m 1) k 3(m 1) k ,(m 1) k (m~~ ) k 6(m~~ ) k ( ~~~~ X ( mm) \ (mm )

1 1043.9 1907 . 0  3 0 0 8 . 2  2 . 0 8 9  1. 04 4

2 945.4 1376.6 2 955 .3  2 . 1 2 6  1.063

3 1006 . 4 1681.7 299t~.1 2 .0°  1.04 9

3 983 .2  1563.0 2 989.3  1.103 1.052

5 998.3 1.637.3 2 9 92 . 1  2. 100 1.050

6 991.6 1601.3 2 9 Q0 .1 1.101 1.05 1

7 995. 0 1619. 7 1991.2 1.101 1.050

8 9 9 3 . 5  1610.~~ 2990. 7 2.101 1.050

9 994.2 1615.3 2990.9 1.101 1.050

10 993.3 1612.9 2990.3 2.101 1.050

k~ 1(m)~~~ k ,(m
1) 

k
3(m)~~~ k ,(m~~) k

5(m~~
) k.(m

1
)

1 968.5 968.5 2714.7 1623.5 2380.9 1o24.5

2 8 9 6 . 2  1 2 0 3 . 9  16 1 8 . 8  7 4 9. 7  2058 . ’ 2 0 1 7 . 3

3 949.0 1042.8 2587.0 1187.3 2237 .3 1S1~ .5

4 9 3 5 . 7  1 0 8 8 . 3  2 6 6 9 C 0  9 5 1 . 4  2 1 43 . 9  19 2 6 . 5

5 9-+3.5 1062.0 2~ 79.5 1069.5 1i’~2.1 1371.5

6 9 4 0 . 1  1 0 7 3 . 6  2 6 7 4 . 9  1010.1  2 1 68 . 1  1899 2

7 9 4 1 . 9  1 0 6 7 . 6  2 6 7 7 . 3  10 3 9 . 8  2 1 8 0 . 2  1 88 5 .3  -i
8 941.0 10”0.5 2ó76.1 1024.9 2173 .1 1892.3

9 931.3 1069.0 2676.7 1032.4 2177 .2 1888.9

10 941.1 1069.8 1b75.3 1028.n 1175.5 1890.n 
C

— . i~~~~~~_ _ - _ _  - -
~~~~~~~~~~~~~~ —-~~— 

-
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TABLE 5(b)

HIS GUIDE ITERATIONS RESULTS
EFFEC’iLVE -

~ ~‘tETH0D , f=7 9.-1 GH~

k
~~

(m
~~

) k~~~m~~ ) k~~~m
1) k ( m ~~~ k 5

(m t
) k~~~m

1) k (tu
1
) \ (mm) \ (tum)

1 1136.9 000.0 000.0 2638.6 0000.0 0000.0 3017.3 2.075 1.038

2 1098.6 911.7 912.7 2304.9 1237.9 1137 .9 3301.3 2.0°3 1.047

3 1123.b 803.0 803.0 2522.3 865.8 355.8 3000.8 2.094 1.047

3 1113.5 S73 .~ 874. 3 2431.t’ 1093 .3 1O~ 3.-1 2999.3 1.095 1.047

5 1119 .3 345.5 845.5 1482.9 995.5 995.5 2999.5 2.095 1.047

~ 1116.6 Sb l . 2  861.1 1358.4 1O-.7.3 1047 .3 2999.4 .0~ 5 1.037

7 1118.0 853 .7  85 3 . 7  24 7 1 . 0  1 0 2 2 . 3  1021.3 2~99.4 1.~)’~5 1.047

3 1117.3 8 57 . 5  3 5 7 . 5  246 3 .8 1035.1 1035.1 19~’~.—. .095 1.037

9 1117.6 8 5 3 . 6  855.~ 2367.9 1028.8 1028.8 29~9.4 1.0-~
10 1117.5 8S5.5 856.6 2466.3 1031.9 1031.9 2999.-, 2.0~ 5 1.037

~~~(m)~~~ k~~ m)~~~ k~,3(m)~~~ k
~4
(m)
~~~ 

k
~ 5(m)~~~ k vn (m)

~~~

1 8 0 7 . 5  1 3 94 .5 2 5 2 2 . 5
5- 

2 928.3 1111.~- 1~ 59.3

3 899.7 1194. 2~ 13.1

3 916.7 1147.0 2b3.-4 .2 C

5 909.3 1168.1 253~~.~
6 913.2 1157.2 1~ 3~~.3

7 911.3 1162.6 2 b 3 7 .~
8 912.3 1139 .8 2 6 3 3 . 6

9 911.3 1161.2 2638.b
- 

10 912.0 1160.5 2638.3

-
-5 

- ~~~~~~~~~~~~~
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TABLE 6(a)

M’RIS GUIDE ITERATION RESULTS . I -
EFFECTIVE ~tET~A0D

—1. - , — l —1 - —1 . - .-1 . — 1 —1. -

~ ~ 
) ~~~n ) (im) ‘. (mm )

1 1543.0 1500.6 2750 .4 2.23.4 1.132

2 1273.7 942.1 2 6 6 4 . 4  2 .3 5 8  1.179

3 1438.7 1260.1 2713.4 2.315 1.138

3 1364 . 4 1108 . 3 2 6 9 6 . 5  2 . 33 0  1 . 1 6 5

5 1398.7 1176.6 2 7 0 8 . 9  2 . 3 1 9  1.150

5 1388.5 1136.0 1700.0 2 . 3 2 7 1.1635

7 1393.-S 1165.6 2704.6 2.323 1.162

9 1391.2 1161.3 2702.4 2. 325 1.1525

9 392 .5  1164.0 27 03 .5  2.324 1.16 2

.O 1391.9 1162.7 2700.3 2.32

—1 , —1 , — l —1 , —1 , —1
~ ‘

~v2~~ 
) ~~~,(m ) ky4(~ ) ~~(m ) ~~(m )

1 968 .3  963 .0 2 5 87 . 9  1594 .5 2 3 6 7 . 2  1599.5

2 756.1 1373.5 23.47.5 1004.3 2151.2 1368.3

3 395.1 1204 .1 2590 .7  127 9.0  2 2 5 5 . 9  .7 .4 0 .0

~ S~ 3.S 1322.3 2332.2 1123.5 2208.3 1312.3

5 - 9 7 2 . 5  1 2 6 0 .1  2 5 6 — . -3 1 1 9 8 . 1  2 2 3 6 .5  177 .5
6 359.3 1290.0 25’.~9.1 1:39.5 2222.1 1795.6

7 366.1 L27~~.7 2556.7 1179.5 2229.3 1786.7

3 363.0 :232.3 2553. 3 1153.9 2225.5 1791.2

9 353 .3 127-3.5 235~~.9 1173. 7 2217.3 17-39.3

10 -363.5 1290.— 2553.~ 117 1 .3 2~ 26.3 1790.1

- 
~~~~~~~~~~~~~~~~~~~~~~~~ —- 
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TA3L ~~~ 5

NHIS GUILE :E i ~TION RE SUL T S
EFFECTFJ E

—~~ .. 1 ..1 —1 -.1 — i(
~ 

) ,( i e~ ,(~~ 
‘

~ 
(t )~~ (zi ) ~~ ~~) ~- : I ~ ~

) ~‘ ( ~ a)
~ 1 x_ xi x-~ z -

1. 7 3 3 .5  .3  .0 2 2 2 7 . 7  0 0 0 . 3  300 .0 2736.9 2.279 1.1395

2 1535. — 12 . 2 . 2  12 3 2 . 2  3 9 0 .4  9 8 8 . 9  3 3 8 .9  2 7 19 . 0  2 . 3 11  1 . 1 5 5

3 1735.2 933.1 985.1 2079.1 523.6 529.5 2719.5 2.31.0 ..155

3 :719.5 :L~ 1.9 1111.9 996.5 733.5 733.5 2713.1 2.313 1.137

5 ~~33 .7 1073 .3 074 .3 2031.3 53-9.3 539 .3 2715.3 2.31~ 1.157

5 727 .0 L110.~ IL 10. 3 202-0.2 593. 7 5$3. 2711 .3 2.315 1.137
— 1730. — 1)93.0 1293.0 2031.3 553.? 554.9 ~~~~~ 2.3:1 1.157

3 1729 . 1 -31 .9 11)1.3 2025.3 576.9 575.9 2711 .5 2.315 1.1-37

9 1729.5 L 09 .5 1397.5 2023.5 571.0 571.3 2711 .7 2.315

IC 729.l 1299.7 299.7 2027 .2 671 .0 57~~.-3 2 7 1 .6 2.315 1.137

— 1 -~ — i — 1  —~ — 1.
k 1(~~ ) 2(m ) k ,3(m •) 

~ ) )

1 238.0 3 1.5 2209.0

2 3 0 5. 5  3 9 5 . _  2 —9 3 . 1

3 55’~.1 1.336 . - 3 7 5. 0  C

— 746.7 ~~-36.3 2139 .5
5 709.9 1-333 .3 2-~J ? . -,

6 7 2 9 . 2  510 .3  2~~2 5 . 3

7 L 9 . 3  1322. 1 2— 17. —

3 ~~~~ 15 5.~. 2—11 .1
— C ’ , 

~ ~~~~~~~~~ — 
—‘ -5

.-:

0 2 3 . — 15 L 7 . -~ 2 12 0 .3

~ F

- 1~~
- 

~~~~~
— - 
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TABLE 7

COMPARISON BETWEEN EXPERIMENTAL DATA
AND NUMERICAL DATA FOR THE HIS GUIDE - .

WITH A TEFLON INSULATION LAYER .

f=78.2 GHz d=0.735 mm k 0.795 mm 214=2.05 mm -;
xs ‘S xs - 

- -Exper imental E f f e c t i v e  E f f e c t i v e
Data ~ Results u Results

Case (a) 1.207 mm 1.157 mm 1.146 mm
h 1.593 mm

— Case (b) 1.161 mm 1.151 mm 1.134 mm
h O . 7 6 2  tTUXI

Case (c) 1.149 mm 1.116 mm 1.096 mm
h 0.256 mm

TABLE 8 —

COMPARISON BETWEEN EXPERIMENTAL DATA AND
NUMERICAL DATA FOR THE NHIS GUIDE
WITH A TEFLON INSULATION LAYER

f’ 98 .2 GHz d= 0 .735 mm k 0.795 mm 2 14=1.00 mmxs xs ‘S
Experimental Effective Effective

__________ Data c Results .i Resu lts

Case (a) 1.319 nun 1.215 mm 1.203 rum
h1.593 mm

Case (b) 1.242 mm 1.204 mm 1.183 mm
h~O.762 mm

- I

-
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~ABL1~ ~

COMPA R 1 SON ~ } : 
~~~~ F IKR1 ~tF ‘Ii. ~A UA

AND NUN ER ~~~CAL OA1’A FOR THE 1115 ‘~W tOE
WITH AN AIR—CAP IN SUL-\ T 1ON E M  1-R

f 78.2 CII: d~ O . 735 mm k—C). 79~ mm W -~~2 .US ~~~~

Exp~ r [niet~~- tI
R sutc ~; U

Cas t ’ i~.t ) 1. l9ri mm . 147 mm 1. 188 mm
tutu

Case ~h) 1. 218 mm I . 2 1 mm 1. I i )  1 tutu
h=O. -. 

3 S 5  mm

Cj s t ’ . 1 . 2 1 8 mm I . 2 1. 3 mm 1 . 20 ~ mm
h~ 1.0ót nuIt

1’ABLF 10

COMPARISON B~: [l ~I-~1-N Ext’VRLM :- N E A L  ft\ L\
ANI) NUMERI CAL DA rA 1-OR TILE Nit IS
GUIDE WITH AN AI S—CAI’ INSUL\T ION LAYER

f—78.2 G1-1: .1—0. ~‘35 mm k=O.79~’ iuu 1~~ 1.0O mu

$ S S
E cper im~’iit aL Eft~’ct. 1\~

~ 

~~~~~~~~~~~~~~

C t  s e Ci ~ I . It-’ 5’ mm I . 2’) 7 nun 1 - I ~)

haO.405 mm

Cast-’ ~b ) 1.299 mm 1.320  mm 1. ~~.‘ mm
h ’O. $ 5 ~ mm

Case ( S ~~ ” I . ) Oo mm 1 . 28 rtm 1 . -, ‘un

I . :~ut

1~
-

~ 

-— C  

--—-
~~ 
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TABLE 11

Case (a~ : ~~~~~~~~~ h= 0. 7?~~~ , —s . -.

and

—1. —1 C- i  — ,
k 1 ( m  ) k (ui “ 

‘
~ 

~-- 1~~~~~~~ 
k ( &

K1ohn ’~ 178.9 1125.9 1071.2 3~ 0 5.~ 6 xCa1~u1ated
Results 

______________________

E~~~ec tt v e  177 .8  1060 1071.2 3’~O 3. r~. x
Results

E f f ~ ct i v ~ 179.9 11 5. -a 103~~. 2 5 . r ’ t’ ~Res u 1~. s

t t er a t i~~n 173.~ 1097. 3 1-373 . 1 390 ~~~~~~~~ x
Res u l ~~

178.j 1109.9 10~~ .1 390 5 . n ~ x
~esu 1:

II
Exper n:~t . 5 -3 x
Results

L . 
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TA BLE 12

Case (b ) :  2W 1 .35  cm , h=O.3 cm , f1 6.4 0Hz,
and 

~i
r
~
12

_____ — 

k 2 (~~ 1) k 5 (ma) k 1 (m~~ ) k 2 (m~~ ) 
~

Kohn ’s 182.0 1125.4 613.7 960.7 9 .25  x
Ca lcu la t ed
Results

Effective 167.2 591.6 613.7 960.7 9.18 x

~ Results

E f f e ctive 182.0 1125.4 591 957.7 9.19 x
~i Results

I terat ion 173.8 764.9 609.4 960.2  9 .20  x IO~~Results (c)

I tera t ion 178.9 961.7 605.3 95 9 .6  9 . 2 2  x IO~~Results  ( 1.1 )  - -

—3. - Experimental  8. -.e x 10
Results

-5 - - -- 
-- -53
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TABLE 13

Case ,~~ : 2~;=3.5 ~m , ~—0.3 ~~i , ~=L’-~.. CH:,
a~-td 

~i
12 t

__________ ~x2 (m
1
) 

~x5 (rn 1’ 
~v1 

(~~
L1 

~v2 ~~~~ 
‘~ t r u )

K~hct ’s 4 5 1 . 5  1042.. 513.7 960.7 1.134 x 10
Cal- ulated
Results 

C- -Ertecti ve 3~0.0 491.0 oL).-- 9oO.~ ~.05 x 10
Results

L0~ 2.4 400. 1 93 .3 1.39 x 10
Results

t t e r a t i on  4 10.9 680.3 56 6.3 95 .4 .2  1.33 x 10
Results (~~)

—
5-,

Iterat ion -~-.0.3 370.2 517.6 ~~~~~ 1.10 ~ 10
Results ( - .~)

Ex p er i m ent a  1.10 X l~ 
-

Resu lt s

.1

- - -  
- - - -- _ _ _ - 5~~~~~~1_ - -~~~~~ - 5 -
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- 
IV. CONCLUSIONS

This paper presents a new approach r~ the analysis of mil limeter

waveguide , and it serves as a good check for the original ef fectiv e

method . Because both methods only give approximate results , a solution

inspires more confidence if both methods agree .

A comparison of the r e su l t s  of both methods  and the e x p e r im e n t a l

data has been made , and the a~ reeinent has proven to he r ea s su r ing .

!~ 
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