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INTRODUCTION 

This i s  t h e  f i n a l  r e p o r t  on Grant NGL-34-002-047. It 

presen t s  a  b r i e f  review of t h e  a c t i v i t i e s ,  of t h e  research  c a r r i e d  

o u t  under t h e  g r a n t ,  and of t h e  r e s u l t s .  I t  a l s o  conta ins  a  

r e p o r t  on r e s u l t s  of research  c a r r i e d  o u t  during t h e  per iod  

October 15, 1970 t o  May 15, 1 9 7 1  n o t  covered by two recen t  pro- 

g r e s s  r e p o r t s  da ted  Apr i l  2 ,  1971. 

The o b j e c t i v e  of t h e  research  under t h e  g r a n t  was t h e  

s tudy of  rectangular-guide-l ike s t r u c t u r e s  fox millimeter-wave 

t ransmission.  Due t o  t h e  s i m i l a r i t y  of t h e  f j e l d  conf igura t ion  

of t h e s e  s t r u c t u r e s  t o  t h a t  of  t h e  r ec tangu la r  waveguide, com- 

ponent design based on t h e s e  s t r u c t u r e s  i s  s impler  than i n  t h e  

case of t h e  c i r c u l a r  waveguide. The c i r c u l a r  guide o f f e r s  an 

a l t e r n a t i v e  s o l u t i o n  of  t h e  t r ansmiss ion  problem. Ffowever, com- 

ponent design based on t h i s  guide i s  r a t h e r  complex. 

The s t r u c t u r e s  i n v e s t i g a t e d  under t h e  g r a n t  were: 

1. Oversized rec tangu la r  waveguides. 

2. Basic  H-guide conf igura t ions .  

3 .  H-guide with a r t i f i c i a l  d i e l e c t r i c .  

4. The laminated-slab H-guide. 

5. Micros t r ip  l i n e  ( a t  35 G H z ) ,  

6. Fence guide. 

7. Reflector- type waveguide. 

The r e s u l t s  of t h e  research  usua l ly  were presented i n  t h r e e  pro- 

g r e s s  r e p o r t s  p e r  year.  



The r e s u l t s  of t h e  i n v e s t i g a t i o n  of t h e  above waveguide 

conf igura t ions  permit  a  few summarizing s tatements  i n d i c a t i n g  

t h e  c h a r a c t e r i s t i a s  of waveguides. Oversized rec tangu la r  wave- 

guides have comparatively low a t t enua t ion ,  b u t  t h e  ex i s t ence  

of  undesired wave modes l eads  t o  a d d i t i o n a l  l o s s e s  which then 

depend on t h e  p a r t i c u l a r  conf igura t ion  of t h e  waveguide ter- 

minals. Component design becomes d i f f i c u l t  due t o  t h e  mult i -  

mode p r o p e r t i e s .  The H-guide i n  single-mode conf igura t ion  

e l imina tes  these  d i f f i c u l t i e s ,  The d i e l e c t r i c  l o s s e s  and t h e  

l o s s e s  i n  a r t i f i c i a l  d i e l e c t r i c s  i n  t h e  form of metal  s t r i p s ,  

s t u d i e d  under i tem 3, make t h i s  s t r u c t u r e  n o t  y e t  competi t ive 

wi th  t h e  c i r c u l a r  guide. A v a i l a b i l i t y  o f  a  low-loss laminated 

d i e l e c t r i c ,  however, may change t h i s  s i t u a t i o n .  The laminated 

s l a b  H-guide has an a t t e n u a t i o n  which i s  a  f r a c t i o n  of t h a t  of 

t h e  r ec tangu la r  waveguide. The m i c r o s t r i p  conf igura t ion  with 

low-loss ceramics a s  s u b s t r a t e s  has  shown p r s h i b i t i v e l y  high 

l o s s e s  (Q-values of about 2 0 0  a t  35 GHz). I n t e r e s t i n g  r e s u l t s  

were obtained s tudying  a  r e f  l e c t o r  waveguide, an open waveguide 

composed of c i r c u l a r  c y l i n d r i c a l  r e f l e c t o r s  a s  s idewal l s  ( i t e m  7 ) .  

Very high Q-values were obtained under s p e c i f i c  opera t iona l  con- 

d i t i o n s  (Q = 2 4 , 0 0 0  a t  35 G H z ) .  This i n d i c a t e s  t h e  p o s s i b i l i t y  

of t h e  use a s  a  low-loss waveguide. One of t h e  i n v e s t i g a t e d  

s t r u c t u r e s ,  t h e  fence guide,  showed promising c h a r a c t e r i s t i c s  

f o r  t h e  design of millimeter-wave c i r c u i t r y .  This,gwi.de i s  an 

H-guide wi th  t h e  s idewal ls  composed of wire  g r i d s  ( i tem 6 )  . Com- 

p l e t e  millimeter-wave c i r c u i t r y  can be placed on a  s i n g l e  d i e l e c t r i c  

s l a b  i n  a  s i m i l a r  way a s  i n  t h e  case of m i c r o s t r i p  c i r c u i t r y  a t  



lower frequencies .  Since t h e  Q-value of t h e  fence guide i s  by 

a  f a c t o r  7 t o  10 l a r g e r  than  t h a t  of t h e  mic ros t r ip  l i n e ,  t h e  

fence guide i s  we l l  app l i cab le  a t  35 GHz and above. The 

c h a r a c t e r i s t i c s  of t h i s  guide and i t s  use i n  components such as  

matched te rminat ions ,  a t t e n u a t o r s ,  and H-plane bends were in-  

v e s t i g a t e d  i n  g r e a t e r  d e t a i l  under t h e  grant .  Use of t h e  

laminated H-guide f o r  connecting antennas with t r a n s m i t t e r s  and 

r e c e i v e r s  and f o r  medium d i s t a n c e  t ransmission and use  of t h e  

fence guide i n  millimeter-wave c i r c u i t r y  i s  recommended. 

The research  a l s o  r e s u l t e d  i n  very advanced measurement 

equipment used f o r  t h e  v e r i f i c a t i o n  of t h e  t h e o r e t i c a l  r e s u l t s .  

Measurement se tups  f o r  high-accuracy determinat ion of Q-values 

(+0.3%) - and automated f i e l d  p l o t t i n g  equipment were developed. 

P resen t  te rminat ion  of t h e  g r a n t  i n t e r r u p t e d  a  system study 

of a  millimeter-wave r e c e i v e r  based on t h e  fence guide and t h e  

s o l u t i o n  of t h e  problem of t h e  e f f e c t s  of su r face  roughness a t  

mi l l ime te r  waves. 

The resea rch  was c a r r i e d  ou t  by t h e  p r i n c i p a l  i n v e s t i g a t o r  

a s s i s t e d  p r imar i ly  by s tuden t s .  The names of t h e  s tuden t s  were 

l i s t e d  i n  the  progress  r epor t s .  The major publ i sh ing  e f f o r t  

cons i s t ed  of progress  r e p o r t s  conta in ing  about 1 2 0 0  pages and 

were usua l ly  publ ished f n  t h r e e  i s s u e s  pe r  year .  Two Masters '  

t heses  and one d i s s e r t a t i o n  f o r  a  Doctor 's  degree were completed 

under t h e  g ran t .  They were a l s o  submitted t o  t h e  sponsor a s  pro- 

g ress  r e p o r t s .  Seminars, p a r t i c i p a t i o n s  and p resen ta t ions  of t h e  

r e s u l t s  i n  conferences,  and pub l i ca t ions  i n  journals  were p a r t s  

of t h e  a c t i v i t i e s  under t h e  g ran t .  



FENCE GUIDE FOR- MILLIMETER WAVES 

By F .  J.. Tischer  

Abstract-  The fence guide i s  a  modified H-guide 

p a r t i c u l a r l y  we l l  s u i t e d  f o r  millimeter-wave c i r c u i t r y .  

E s s e n t i a l s  of t h e  f i e l d  d i s t r i b u t i o n  i n  t h e  guide,  of t h e  

c h a r a c t e r i s t i c s ,  and a p p l i c a t i o n s  of the  guide a r e  descr ibed.  

The concept permits  design of i n t e g r a t e d  c i r c u i t r y  on a  

s i n g l e  d i e l e c t r i c  s l a b .  



INTRODUCTION 

I n  t h i s  paper a  new waveguide f o r  mi l l ime te r  waves c a l l e d  

"Fence Guide" w i l l  be discussed.  The new guide i s  a  modified 

H-guide with the  s p e c i f i c  proper ty  t h a t  it can be mounted on 

a  d i e l e c t r i c  s l ab .  The s l a b  may then be t h e  c a r r i e r  of more 

e l abora te  c i r c u i t r y .  

The H-guide i s  an open waveguide which has a  c ross  s e c t i o n  

i n  t h e  form of an H [l-31. I t  i s  composed of  two p a r a l l e l  con- 

duct ing  s t r i p s  running along t h e  a x i s  of t h e  guide. They a r e  

separa ted  by a  c e n t r a l  d i e l e c t r i c  s l a b .  I n  t h e  c ross  s e c t i o n ,  

t h e  m e t a l l i c  s t r i p s  form t h e  v e r t i c a l  l e g s  of t h e  H and t h e  

d i e l e c t r i c  s l a b  t h e  h o r i z o n t a l  bar .  The wave propagation i n  

t h i s  guide i s  confined i n  t h e  h o r i z o n t a l  t r ansverse  d i r e c t i o n  

by t h e  r e f l e c t i n g  m e t a l l i c  s t r i p s ,  Confinement i n  v e r t i c a l  

d i r e c t i o n  i s  due t o  surface-wave propagation wi th  t h e  f i e l d s  

decreasing exponent ia l ly  from t h e  d i e l e c t r i c  s l a b  toward t h e  

upper and lower openings. Only a  smal l  f r a c t i o n  of t h e  f i e l d s  

t r a v e l s  along t h e  openings and r a d i a t i o n  can be kep t  n e g l i g i b l e .  

I n  t h e  low-loss mode, t h e  e l e c t r i c  f i e l d  s t r e n g t h  v e c t o r  i n  Che 

c e n t e r  of t h e  guide i s  p a r a l l e l  t o  t h e  s idewal l s  and p o i n t s  i n  

v e r t i c a l  d i r e c t i o n .  

The fence guide i s  a  modified H-guide i n  which t h e  s o l i d  

m e t a l l i c  s idewal l s  have been replaced by m e t a l l i c  pos t s  which 

c ross  a  d i e l e c t r i c  s l ab .  The m e t a l l i c  p o s t s  form two p a r a l l e l  

w i r e  g r i d s  which run along t h e  a x i s  of t h e  waveguide and serve  as  

r e f l e c t o r s .  Since t h e  E-vector of t h e  waveguide f i e l d s  i s p a r a l l e l  



t o  t h e  pos t s ,  t h e  w i r e  g r i d s  a c t  a s  e f f e c t i v e  r e f l e c t o r s  and 

waveguide w a l l s .  The w i r e  g r i d s  then keep t h e  waves confined 

t o  the  region i n  between. The confinement of t h e  f i e l d s  i n  

v e r t i c a l  d i r e c t i o n  i s  due t o  s u r f a c e  wave propagation wi th  t h e  

f i e l d s  decreasing exponent ia l ly  i n  d i r e c t i o n  from t h e  e l e c t r i c  

s l ab .  

The f i e l d s  i n  t h e  H-guide axe superpos i t ions  of  TE and 

TM wave. modes s i n c e  they have t o  s a t i s f y  t h e  a d d i t i o n a l  boundary 

condi t ions  a t  t h e  su r faces  of t h e  d i e l e c t r i c  s l ab .  The f i e l d s  

a r e  those of waves propagat ing i n ,  hybrid modes wi th  t h e  magnetic 

f i e l d  v e c t o r  p a r a l l e l  t o  t h e  boundary su r faces  of t h e  d i e l e c t r i c  

s l a b .  I n  t h e  f i e l d  cons idera t ion  one has t o  d i s t i n g u i s h  between 

sets of f i e l d  equat ions  f o r  t h e  region i n s i d e  t h e  d i e l e c t r i c  

and f o r  t h e  a i r  space above and below t h e  d i e l e c t r i c ,  A s  an 

approximation it i s  assumed t h a t  t h e  p a r a l l e l ,  r e f l e c t i n g  w a l l s  

extend t o  i n f i n i t y ,  The equat ions f o r  t h e  f i e l d  d i s t r i b u t i o n s  

of an H-guide have t h e  fol lowing form: 

-jk,z ' ~ t  
Ex = E, cos k,x sinkyy (e eJ 

k k E, = j E +* S I M ~ ?  sinkJ) 
kc 2 Z 

H = O ;  k,Z = k, + k 
X t 

HY = Eo  kz cor k x sin $y 
k: X 

j E, u e k z ~ s k  x C O S ~ ~ J  

k,2 
X 



A i r :  -d,(x-d) 'k,z w t  
E x = E,,e sinkYy(eJ rJ ) 

d k -&(x-d) 
E = - E  -e cos k ,~ /  

Y O 
'CI k - d , ( x - d )  = - 5  ""e 

'Z J k 2  9'. kry 
e .  

wr.k - ~ ( x - d l  ,;+ Hg= E, e 

/ weak -dl(x-d) - ' E ----J e I =  J o cos kyy 
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A l l  f i e l d  components conta in  a  t e r m  exp(-jk,z) which s t ands  

f o r  the  wave propagation along t h e  guide and has been omitted.  

W e  have t h e  s i n u s o i d a l  v a r i a t i o n s  i n  t h e  y  and x  d i r e c t i o n s  

wi th in  the d i e l e c t r i c .  E Z  and Ex a r e  zero on t h e  w a l l s  and have 

a maximum i n  t h e  center .  I n  t h e  d i e l e c t r i c ,  Ex decreases  accord- 

i n g  t o  coskxx toward t h e  upper and lower boundary su r faces  of 

t h e  d i e l e c t r i c  s l a b  wi th  a  d i s c o n t i n u i t y  a t  these  su r faces  

- (Dxl - Dx2 

I n  t h e  a i r  region,  t h e  long i tud ina l  and t ransverse-hor izonta l  

f i e l d  d i s k r i b u t i o n s  a r e  equal  t o  those i n  t h e  d i e l e c t r i c .  I n  t h e  

v e r t i c a l  d i r e c t i o n ,  t h e  f i e l d s  now decrease exponent ia l ly  from 

t h e  boundary su r faces  toward t h e  upper and lower openings wi th  

a  cons tan t  ax as t h e  decay f a c t o r .  

The propagation cons tants  o r  wave numbers i n  t h e  d i r e c t i o n s  

of  t h e  coordinatep a r e  r e l a t e d  by t h e  fol lowing c h a r a c t e r i s t i c  

equat ions which have t o  be s a t i s f i e d .  



2 t 2 2 
D i e l e c t r i c  region: k , ~ ,  = k x  + ky f- kz 

5 2, 2/ 

A i r  region:  k L =  b - d x  t ky + kZ 

The eguat ions  allow determinat ion of t h e  l o n g i t u d i n a l  propa- 

ga t ion  cons tan t  kZ.  From it, t h e  guide wavelength X can be 
g 

computed. Another important  q u a n t i t y  i s  t h e  decay cons tan t  ax 

which descr ibes  t h e  r a t e  o f  decrease i n  v e r t i c a l  d i r e c t i o n .  The 

cons tant  k i s  d i c t a t e d  by t h e  spacing of t h e  s idewal l s  accord- 
Y 

i n g  t o  k =. n/b1. 
Y 

CHA.RACTERISTICS OF THE FENCE GUIDE 

. Let  us  nex t  cons ider  two cases  of  s idewal l s ,  namely, s o l i d  

w a l l s  and two rows of t h i n  conducting pos t s  a d i s t a n c e  h apar t .  

Assuming good conductors,  t h e  s o l i d  wa l l s  have a su r face  i m -  

pedance which i s  p r a c t i c a l l y  zero. I f  one computes t h e  t r ans -  

ve r se  su r face  impedance i n  an H-guide wi th  s o l i d  wa l l s ,  one f i n d s  

t h a t ,  a t  a small  d i s t a n c e  Ab frpm t h e  wa l l ,  it has a low imaginary 

value.  I f  we now p lace  s u r f a c e s  with such su r face  impedances a t  

t h e s e  p o s i t i o n s  on both s i d e s  of t h e  c e n t e r ,  we may t ake  t h e  

s o l i d  w a l l s  away with the  f i e l d s  between t h e  r e l a t i v e  s u r f a c e s  

remaining t h e  same as  before.  Since t h e  su r face  impedancesof 

wire  g r i d s  a r e  a s  an approximation, imaginary and have f o r  c losed 

spacing between t h e  g r i d s  a small  value,  t h e  rows of p o s t s  of a 

fence guide s a t i s f y  these  condi t ions ,  I t  fol lows t h a t  a fence 

guide wi th  t h e  width b has  f i e l d  d i s t r i b u t i o n s  and c h a r a c t e r i s k i c s  



similar t o  those of  an H-guide with s o l i d  w a l l s  a d i s t ance  b '  

a p a r t .  The d i s t a n c e  b '  i s  somewhat l a r g e r  than b (b" = b + 2Ab) . 
Figure 2 shows t h e  geometry of  t h e  analogous s t r u c t u r e s .  

The two waveguides have equal  c h a r a c t e r i s t i c s  i f  t h e  

t h e o r e t i c a l  su r face  impedance a t  a d i s t ance  (b '  - b) /2 from 

t h e  s o l i d  wa l l  equals  t h e  su r face  impedance of  t h e  wire  g r i d  a t  

t h e  same pos i t ion .  Based on t h i s  concept t h e  d i s t ance  between 

t h e  equiva lent  s o l i d  wa l l s  b '  can be computed. One o b t a i n s  

where Zs i s  t h e  su r face  impedance of  t h e  wire  g r i d .  This i m -  

pedance i s  a funct ion  of t h e  wavelength A o ,  diameter of  t h e  

w i r e s  Dl, and spacing between wires s, 

This,  i n  t u r n ,  permits  determinat ion of t h e  guide wavelength, 

which becomes, a s  an approximation i n  normalized form 

I n  t h i s  equat ion X is  t h e  guide wavelength f o r  t h e  H-guide 
g 

i f  t h e  wire  g r i d s  a r e  replaced by s o l i d  wa l l s  a d i s t a n c e  b '  

apa r t .  We observe t h a t  t h e  guide wavelength i s  somewhat sm3ler 

f o r  wire  g r i d s  s i n c e  Zs is  p o s i t i v e  and imaginary. 

The a t t e n u a t i o n  of t h e  fence guide c o n s i s t s  of con t r ibu t ions  

by t h e  d i e l e c t r i c  l o s s e s  i n  t h e  s l a b ,  conduction l o s s e s  i n  t h e  

wire  g r i d s ,  leakage through t h e  g r i d s  and r a d i a t i o n  through t h e  



openings on top  and bottom. Optimum opera t iona l  condi t ions  can 

be obta ined  by choosing proper  values of t h e  th ickness  of the  

d i e l e c t r i c  s l a b ,  of t h e  diameter of  t h e  conducting p o s t s ,  and 

t h e i r  sepa ra t ion .  The h e i g h t  of t h e  pos t s  has t o  be properly 

chosen a l so .  Measurements of t h e  Q-value of shor ted  sec t ions  

of t h e  fence guide a t  35 GHz gave values of up t o  2000.  Com- 

par ison  wi th  t h e  value of a  few hundred f o r  s t r i p  l i n e s  ind i -  

c a t e s  t h a t  t h e  a t t e n u a t i o n  i s  a  f r a c t i o n  of t h a t  of  mic ros t r ip  

l i n e s  i n  t h e  same frequency range. 

APPLICATIONS 

Components such as  power d i v i d e r s ,  d i r e c t i o n a l  couplers ,  

hybrid r i n g s ,  resonators ,  and o t h e r  c i r c u i t  elements can be 

designed with t h e  fence guide as  a  b a s i s ,  A s  a  consequence 

complete fence-guide c i r c u i t s  can be placed on a  s i n g l e  

d i e l e c t r i c  s l a b  i n  a  s i m i l a r  manner a s  it i s  done with m i c r o s t r i p  

c i r c u i t s  a t  lower frequencies .  Since t h e  c ross - sec t iona l  

dimensions of  t h e  guide a r e  i n  t h e  o rde r  of  magnitude o f  

s tandard  waveguides, to l e rance  problems a t  t h e  design of c i r -  

c u i t s  a r e  n o t  a s  severe  a s  i n  t h e  case of m i c r o s t r i p  c i r c u i t r y .  

The small dimensions of t h e  guide and of  components a t  m i l l i -  

meter waves and t h e  s t r u c t u r a l  form make c i r c u i t r y  very p r a c t i c a l  

and s u i t a b l e  f o r  mass product ion,  
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MEASUREMENTS ON MATCHED FENCE-GUIDE 
TERMINATIONS 

Abst rac t  

A s tudy of te rminat ing  a  fence-guide i n  a r e f l e c t i o n -  

l e s s  way was made. Measurements were conducted using Eccosorb 

foam d i e l e c t r i c  m a t e r i a l s  i n  matched fence guide terminat ions 

wi th  varyirlg m a t e r i a l  th ickness  and lengths .  Terminations 

wi th  l i n e a r ,  exponent ia l ,  i n v e r t e d  exponent ial  t a p e r s  were 

f a b r i c a t e d  from Eccosorb foam and t h e i r  performance was com- 

pared a t  34-36 G H z ,  Voltage-standing-wave r a t i o s  of less 

than 1.1 were. obtained with l i n e a r l y  tapered  terminat ions.  

Measurements were made on l i n e a r l y  tapered terminat ions of 

d i f f e r e n t  lengths .  Included i n  t h e  appendix a r e  measured 

values of t h e  complex d i e l e c t r i c  conskants of Rexoli te ,  Balsa 

wood, and Eccosorb foam. 



MEASUREmNTS ON MATCHED FENCE-GUIDE 
TERMINATIONS 

The concept of  impedance matching f o r  maximum power 

t r a n s f e r  i n  c i r c u i t s  i s  we l l  known. I n  waveguides and coaxia l  

l i n e s  matched condi t ions  a r e  needed t o  e l imina te  t h e  mismatch 

e r r o r s  i n  measurements. Wide-band terminat ions a r e  t h e r e f o r e  

needed which absorb completely t h e  i n c i d e n t  wave wi thout  

r e f l e c t i o n  ox a s  l i t t l e  r e f l e c t i o n  a s  poss ib le ,  Under these  

condi t ions  t h e  vo l t age  s tanding  wave r a t i o  i s  low. These termi- 

na t ions  could be f i x e d  o r  a d j u s t a b l e  and a r e  very use fu l  a t  

t h e  evalua t ion  of l i n e  d i s c o n t i n u i t i e s  and components. Termi- 

na t ion  elements f o r  conventional waveguides a r e  commercially 

a v a i l a b l e  which r e s u l t  i n  low VSWRts down t o  1 . 0 1  over  a  wide 

frequency band. These te rminat ions ,  when used i n  t h e  fence 
1 guide , gave r a t h e r  poor performance and VSWRts of 4-5 dB were 

measured a t  35 GHz. E f f o r t s  were then made t o  design a  simple 

terminat ion f o r  low VSWR s u i t a b l e  i n  fence guide app l i ca t ions .  

There i s  l i t t l e  t h e o r e t i c a l  t rea tment  of  matched termi- 

na t ionsao3 .  The design i s  usua l ly  based on, fashioning t h e  d i s s i -  

p a t i v e  m a t e r i a l s  by. c u t  and t r i a l .  The design procedure, there-  

f o r e ,  r e q u i r e s  a  m a t e r i a l  t h a t  can be e a s i l y  c u t  and machined. 

The condi t ion  of low VSWR r e q u i r e s  t h a t  most of t h e  i n c i d e n t  

power i s  absorbed i n  t h e  terminat ion and only a  small  f r a c t i o n  

r e f l e c t e d .  The m a t e r i a l ,  t h e r e f o r e ,  should have a  high enough 

l o s s  tangent.  The shape of  t h e  terminat ion should be such t h a t  

it causes a  gradual  change i n  t h e  waveguide impedance, causing 

no, r e f l e c t i o n .  The shape and length  of t h e  terminat ion may be 



experimental ly  determined. 

Some measurements were made t o  determine complex d i e l e c t r i c  

cons tants  of m a t e r i a l s  a t  3 5  GHz (Appendix A ) .  Of t h e  ma te r i a l s  

measured, Eccosorb form (Emerson and' Curning, Inc.  , Canton,  ass . ) 
(&r ' = 1.587, E+" = 0,0896) was found t o  be t h e  most s u i t a b l e  

m a t e r i a l  f o r  use  i n  terminat ions.  

Measurement Setup 

The block diagram of the  measurement se tup  used i s  shown 

i n  Fig. 1. A 35 GHz A-band k lys t ron  i s  used with a  power 

supply (Narda 62A1). The k l y s t r o n  output  is  fed  through an 

i s o l a t o r ,  v a r i a b l e  p rec i s ion  a t t e n u a t o r  and frequency meter 

t o  a  TRG-slotted l i n e  and the  f i e l d  s t r e n g t h  measurement se tup .  

A fence guide (sw = 1 . 0 1 6 " ,  6.75" long) i s  placed i n .  t h e  se tup  

and connected t o  t h e  end of t h e  s l o t t e d  l i n e .  The probe ou tpu t  

i s  fed  t o  a  d e t e c t o r  u n i t  and t h e  r e c t i f i e d  s i g n a l  is  fed  t o  

a VSWR meter. The d i e l e c t r i c  m a t e r i a l  i s  placed i n  t h e  fence 

guide. The ou tpu t  end ' A '  of  t h e  fence guide i s  connected t o  

a  d e t e c t o r .  The inpu t  VSWR and t h e  ou tpu t  power a r e  measured 

using a  s tanding  wave meter (GR-1234). 

Measurement of Attenuat ion 

Attenuat ion measurements were made on rec tangu la r  s t r i p s  

of Eccosorkfsam a t  35  GHz t o  study t h e  e f f e c t  of change of 

t h i . ~ k n e s s .  The fence guide was loaded wi th  two s t r i p s  (symmetric 

loading)  and only one s t r i p  (asymmetric loading)  . The measured 

i n p u t  VSWR is a s  shown, i n  Fig .  2. A s  can be observed from t h e  

p l o t s  t h e  b a s i c  behavior does n o t  change with one o r  two s t r i p s  



of loading  and i n  both cases  t h e r e ' i s  a - r e g i o n  of th ickness  

where inpu t  VSWR i s  l e s s  than 1 dB. The t r ansmi t t ed  power was 

more than 50 dB bellow t h e  i n p u t  power, Measurements were 

then made on a  sample of th ickness  0.14", which f a l l s  i n  t h i s  

region of low VSWR. Input  VSWR an& a t t e n u a t i o n  were measured 

f o r  varying l eng ths  of  t h e  absorbing m a t e r i a l  us ing  two s t r i p s  

f o r  loading. This i s  shown i n  Fig. 3  ( a , b ) ,  The inpu t  VSWR 

was measured between 1 and 2 dB. The i n s e r t i o n  l o s s  v a r i a t i o n  

w a s  around 14-15 dB f o r  l eng ths  up t o  l,ln, however, it showed 

a  s teady inc rease  f o r  g r e a t e r  l eng th ,  

Measurements of  i n p u t  s tanding  waves f o r  d i f f e r e n t  f r e -  

quencies  were made f o r  two s t r i p  and f o u r  s t r i p  ( s t e p )  loading. 

The th ickness  of each s t r i p  was 0 . l V ,  A p l o t  f o r  t h e  region 

from 34-36 GHz i s  shown f o r  t h e  two cases  i n  Fig. 4 .  The inpu t  

VSWR f o r  t h e  s t e p  conf igura t ion  was s l i g h t l y  lower a t  both,  t h e  

lower and upper frequency ends; however, double s t r i p  loading 

I had lower VSWR around t h e  c e n t e r  band. I n  both cases ,  t h e  

VSWR increased  t o  around 2.0  dB a t  t h e  upper frequency end. 

Measurements on Terminations 

To o b t a i n  a  good te rminat ion ,  i t s  shape should be such t h a t  

it provides gradual  impedance t ransformation.  The following 

t h r e e  shapes (Fig.  5) were considered s u i t a b l e :  

(1) Linear  t a p e r  

( 2 )  Exponential  t a p e r  

(3 1 Inver ted  exponent ia l  t a p e r  

The corresponding te rminat ions  were made of  Eccosorb foam. 

The h e i g h t  of  t h e  terminat ion element was up t o  t h e  edge of t h e  



fences (h = 0.58") and t h e  width was chosen. t a  completely f i l l  

t h e  width of t h e  guide. The, t d t a l  l eng th  of each terminat ion 

was- 1.6". With the  terminat ion i n  p lace ,  t h e  power t r ansmi t t ed  

a t  t h e  ou tpu t  of fence guide was more, than 50 dB below t h e  i n p u t  

l e v e l  f o r  t h e  t h r e e  terminat ions.  The ou tpu t  of t h e  fence guide 

wi th  terminat ion i n  p lace  was shor ted  wi th  a  copper p l a t e  and 

.the - i n p u t  s tanding  wave r a t i o  was measured from 34.0 - 36.0 GHz 

(Fig. 6) f o r  t h e  t h r e e  te rminat ions .  A VSWR of 0.4 dB (power 

r a t i o  1.096) was measured f o r  t h e  l i n e a r  taper .  Some t y p i c a l  

f i g u r e s  are given i n  Table I below f o r  t h e  t h r e e  te rminat ions .  

Table I 

VSWR. Values of Terminations 

Of t h e  t h r e e  te rminat ions  t e s t e d ,  . t h e  l i n e a r l y  tapered 

te rminat ion  had low s tanding  waves over t h e  wides t  frequency band. 

Fur the r  measuremenks of inpu t  VSWR a t  35.0 GHz were made 

on - l i n e a r l y  tapered te rminat ions  of varying l eng ths  L,  p laced 

a s  shown, i n  Fig. 5 ( a )  (configux&tfon 1) and as shown i n  Fig. 5 (d) 

VSWR(~B) a t  34.0 G H z  

VSWR(dB) a t  35.0 G H z  

VSWR(dB) a t  36.0 GHz 

Bandwidth ( G H z )  f o r  
VSWR 0.8 dB o r  less 

Termination width 

Inver t ed  Ex- 
ponen t i a l  
Taper 

1.78 

0.60 

1.72 

0.42 

Linear  
Taper 

1,60 

0.36 

1.80 

1.04 

Exponential 
Taper 

2.0 

0.77 

2.20 

0.95 

I >  



i n  inve r t ed  form. A diagram of t h e  measured d a t a  f o r  t h e  two 

conf igura t ions  a r e  shown i n  Fig. 7. Two observat ions can be 

made f  rom t h e  p l o t .  

(1) For small  length  of t h e  t a p e r ,  t h e  s tanding wave 

r a t i o  i s  high f o r  both cases.  With increased  l eng th  

of t h e  t a p e r ,  t h e  VSWR goes down u n k i l  f o r  l a r g e  t a p e r  

l eng ths ,  t h e  VSWR again shows an increase .  

(2 )  The. VSWR f o r  t h e  tapered form i s  genera l ly  h igher  

than f o r  t h e  i n v e r t e d  l i n e a r  tapered element over  t h e  

low VSWR region of length.  This was f u r t h e r  confirmed 

by using te rminat ions  of Balsa wood wi th  embedded 

caxbon. The i n p u t  VSWR of a l i n e a r l y  tapered  t e r m i -  

na t ion  was measured t o  be 9 .5  dB which was reduced t o  

5.4 dB f o r  i n v e r t e d  l i n e a r  t a p e r  due t o  exponent ia l  

decay. The f i e l d  a t  t h e  edge of t h e  fence i s  about 

15 dB below t h e  f i e l d  a t  t h e  d i e l e c t r i c  l e v e l .  I n  t h e  

i n v e r t e d  t a p e r  form, t h e  absorbing m a t e r i a l  i s  i n  t h e  

lower- f ie ld  region a t  the  i n p u t  and hence t h e  impedance 

t ransformation i s  much more gradual  than i n ,  t h e  o t h e r  

conf igura t ion .  

The above s t u d i e s  have demonstrated t h a t  te rminat ions  

wi th  low s tanding  waves and reasonable bandwidth can be designed 

f o r  fence guides a t  35.0 G H z .  The s tudy cont inues on te rminat ions  

us ing  r i g i d  absorbing mate r i a l .  



APPENDIX 

Measurements on D i e l e c t r i c s  

The complex d i e l e c t r i c  cons tant  of m a t e r i a l s  a t  microwave 

f requencies  can be obtained with reasonable accuracy by p lac ing  

t h e  d i e l e c t r i c  sample i n  a  s h o r t  c i r c u i t e d  waveguide a t  the  

shor ted  end and by measuring t h e  guide wavelength and t h e  

s tanding  wave r a t i o  with and without  t h e  d i e l e c t r i c  sample. 

Considerable s i m p l i f i c a t i o n  i s  obta ined  by choosing t h e  l eng th  

of t h e  d i e l e c t r i c  sample such t h a t  a  minimum l i e s  i n  t h e  inpu t  

face  of t h e  sample. The l o s s e s  of t h e  d i e l e c t r i c  have then 

e s s e n t i a l l y  no e f f e c t  on t h e  guide wavelength of  t h e  d i e l e c t r i c -  

f i l l e d  guide. The fol lowing expressions can be der ived  using 
4 t ransmission l i n e  techniques . 

1 where = - j ~ ~ " ,  

and X = f r e e  space wavelength, 

h = cu to f f  wavelength of t h e  waveguide, 

= guide wavelength, 

X = guide wavelength of d i e l e c t r i c - f i l l e d  guide,  
gc 

VSWR = s tanding  wave r a t i o  



Fox increased  accuracy and t o  account f o r  increased guide 

l o s s e s  

where VSWRl = t h e  s tanding  wave r a t i o  wi th  d i e l e c t r i c  i n  t h e  
waveguide, 

VSWR2 = t h e  s tanding  wave r a t i o  without  d i e l e c t r i c  i n  t h e  
waveguide. 

I n  t h e  measurements, a r ec tangu la r  waveguide (WR-28) was 

used wi th  a TRG-slotted l i n e .  Probe i n s e r t i o n  was kep t  a t  t h e  

minimum. Using some prel iminary information of  E ~ ' ,  t h e  guide 

wavelength X w a s  read of t h e  p l o t s ,  Fig.  8 ( a )  and ~ i g .  8 (b) . 
95 

The sample was c u t  t o  t i g h t l y  f i t  t h e  i n s i d e  of WR-28. To 

a r r i v e  a t  t h e  proper  length ,  a method of  c u t  and t r i a l  was used. 

S t a r t i n g  wi th  a sample length  nea r ly  a s  much a s  A 
gc ' t h e  sample 

l eng th  was reduced and t h e  p o s i t i o n  of  two consecut ive minima 

was measured u n t i l  t h e  change i n  sample l e n g t h  d i d ,  n o t  change 

t h e  p o s i t i o n  of t h e  minima. Then 

Ax = t o t a l .  s h i f t  i n .  the minima i. e. from empty guide 
t o  the f i n a l  position of minima. 



Measmements were made on R e x o l i t e ,  B a l s a -  wood and E c c o s o r b  

foam a t  35 .0  G H z .  The  following resul ts  w e r e  obtained. 

T a b l e  I1 

The  a c c u r a c y  of t h e  method i s  l imi ted  by t h e  a c c u r a c y  of 

t h e  determination of h and the sample p r e p a r a t i o n .  
g& 

1 

€r 

0.002566 

0 .00115  

0 .08960 

E ' r 

2.5209 

1 .2280  

1 .5870  

Material 

R e x o l i t e  

B a l s a  wood 

E c c o s o x b  foam 

- 

Measured X 
g~ 

(m* 

5.830  

9 , 9 0 0  

7 .740  

-- - - - -- 
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1.75" 

Symmetrical loading ( 2  s t r i p )  

Asymmetrical loading  (1 s t r i p )  

. 2  . 4  .6 

Slab  th ickness  t ( i ~ h )  

Fig .  2 Input  VSWR v a r i a t i o n  wi th  th ickness  s f  foam m a t e r i a l  
i n  fence guide a t  35 G H z .  



Termination length L (inch) * 
Fig. 3 Insertion loss, and input VSWR variation of a 

single slab termination at 35 GHz for varying 
length, of the slab. 

- 



Frequency (GHZ)  v 

F i g .  4 Frequency dependence o f  the  input VSWR f o r  termination 
wi th  

A. Single slab 
B .  Double Slab 



Eccosorb 
Foam 

( a )  Linear  t a p e r  

(b) Exponential  t a p e r  

(c) ~ n v e s t e d  exponent ial  
t a p e r  

(d) Inver ted  l i n e a r  t a p e r  
( a l t e r n a t e  arrangement) 

Fig. 5 Various shapes and arrangement of  terminat ions.  



Frequency GIZz 

Fig. 6 Frequency dependence of t h e  i n p u t  
te rminat ions  with: 
A Linear  t a p e r  
B Exponential  t a p e r  
C Inverted exponent ia l  t a p e r  

VSWR of 



Termination Length L ( inch)  .---F 

Fig. 7 Input  VSWR vs. l eng th  of t h e  tapered  te rminat ion  
a t  35.0 G H z .  

A Linear  t a p e r  
B Inver t ed  l i n e a r  t a p e r  



Fig. 8a Guide wavelength for a. d i e l e c t r i c - f i l l e d  rectangular 
waveguide. 



LO. 

1. 3 4 . 0  GHz 
2 .  3 5 . 0  GHZ 
3. 3 6 . 0  GHz 
4 .  3 7 . 0  GHz 

F i g .  8b Guide w a v e l e n g t h  for a d i e l e c t r i c - f  i l l e d  
r e c t a n g u l a r  w a v e g u i d e .  



EXPERIMENTAL STUDY OF A NON-CONFOCAL 
CYLINDRICAL RESONATOR 

Abst rac t  

An experimental  i n v e s t i g a t i o n  of  a non-confocal r e sona to r  

with c y l i n d r i c a l  x e f l e c t o r s  us ing  two d i f f e r e n t  types of 

coupling energy i s  repor ted .  I n  one case t h e  resonator  was 

opera ted  a s  a t ransmission c a v i t y  wi th  end-wall coupling and i n  

t h e  second case a s  a r e f l e c t i o n  type c a v i t y  with energy coupled 

through one of t h e  r e f l e c t o r s .  Measurements were made of t h e  

f i e l d  d i s t r i b u t i o n ,  mode numbers, and t h e  q u a l i t y  f a c t o r  f o r  

varying separa t ion-  of t h e  r e f l e c t o r  w a l l s  a t  t h r e e  d i f f e r e n t  

f requencies .  The dependence of  t h e  Q-value on t h e  mode numbers 

i s  discussed.  I t  i s  a l s o  shown t h a t  t h e  t h e o r e t i c a l l y  computed 

resonance f requencies  of  an equ iva len t  r ec tangu la r  c a v i t y  com- 

pares  we l l  wi th  t h e  measured va lues  of t h e  curved-wall open 

resonator .  

In t roduc t ion  

The p o s s i b i l i t y  of i n s t a b i l i t i e s  i n  confocal r e sona to r s  

us ing  two r e f l e c t o r s ,  un less  very r i g i d  to le rances  a t  t h e  manu- 

f a c t u r e  of t h e  r e f l e c t o r s  and uniformity of  spacing were main- 
1 ta ined ,  has been repor ted  i n  t h e  l i t e r a t u r e  . I t  w a s  a l s o  re-  

por t ed  t h a t  non-confocal s y s  tems genera l ly  l e a d  t o  u n s a t i s f a c t o r y  

opera t ion  and low Q-values. This was n o t  confirmed i n  our  measure- 
I 

ments and it was repor ted  e a r l i e r 2  t h a t  t h e s e  problems can be 

I overcome by a modified resona to r  geometry with two f l a t  s i d e  wal l s .  



I t  was observed t h a t  t h i s  s t r u c t u r e  f o r  non-confocal spacing can 

g ive  high Q-values up t o  40 ,000 .  Resonances wi th  Q-values of 

t h i s  o rde r  were r e a l i z e d  even wi th  spacing between t h e  r e f l e c t o r s  

of  one-eighth of t h e i r  r ad ius  of curvature.  This r e sona to r  has  

then the  advantage of a high Q-value with a considerably reduced 

s i z e .  D e t a i l s  of t h e  measurements conducted on t h i s  r e sona to r  

a r e  descr ibed  i n  the  next  sec t ion .  

Measurements on a ~ e f l e c t o k - ~ y p e  Resonator 

Extensive experiments were conducted, over  a wide range of  

spa,cing d between t h e  r e f l e c t o r s ,  of a c a v i t y  a s  i l l u s t r a t e d  i n  

Fig. 1. Three d i f f e r e n t .  f requencies  were chosen a t  which t h e  

f i e l d  d i s t r i b u t i o n s  were measured i n  t h e  cav i ty .  The se tup  used 

fox t h i s  purpose i s  shown i n  Fig. 2. A smal l  compensated movable 
I 

probe and an. xy p l o t t e r  were used f o r  ob ta in ing  t h e  f i e l d  p l o t s .  

A s  expected, a s tanding  wave p a t t e r n  was observed i n  t h e  y and 

z d i r e c t i o n s  i n  a l l  cases .  F i e l d  d i s t r i b u t i o n s  across  t h e  

r e sona to r  (x-axis)  were checked a t  these  f requencies  and they 

w e r e .  found t o  be  Gaussian. F i e l d  p l o t s  showed t h a t  t h e  charac- 

t e r i s t i c s  of  t h e  Gaussian d i s t r i b u t i o n s  vary wi th  t h e  spacing 

between t h e  r e f l e c t o r s .  The components of t h e  e l e c t r i c  f i e l d  i n  

t h e  x d i r e c t i o n  (Ex) can be expected t o  be b a s i c a l l y  of t h e  form 

where K and K z  a r e  t h e  wave numbers i n  t h e  y , a n d  z d i r e c t i o n s  
Y 

r e spec t ive ly .  



Considering an, equ iva len t  r ec tangu la r  cav i ty  with f l a t  

w a l l s  and using Ex a s  t h e  p r i n c i p a l  f i e l d  component, t h e  o t h e r  

components can be ca lcu la ted  f o r  ' a  TE mode. The resonance 

frequency of t h e  cav i ty  i s  then - given by 

where 

n ,p  a r e  t h e  mode numbers i n  t h e  y and z d i r e c t i o n s .  
r e spec t ive ly ,  

d  i s  t h e  d i s t a n c e  of sepa ra t ion  of t h e  f l a t  wa l l s  
s u b s t i t u t e d  f o r  the  curved r e f l e c t o r s ,  and 

1 i s  the  l eng th  of  t h e  cavi ty .  

The resonance frequency was c a l c u l a t e d  f o r  each mode 

using Eq. 2 and t h e  mode numbers from the f i e l d  p l o t s .  Although 

Eq. 2 i s  derived from considering the  equiva lent  c a v i t y  with 

plane wa l l s ,  it was no t i ced  t h a t  th'e computed values of  frequency 

d i f f e r e d  only by about one pe r  c e n t  from t h e  accura te ly  measured 

values.  I f  t h e  separa t ion  of t h e  equiva lent  plane wa l l s  was 

chosen a s  i n d i c a t e d  i n  Fig. 3 ,  measurement a t  t h r e e  frequencies  

exh ib i t ed  a  s i m i l a r  agreement. The r e s u l t s  obtained f o r  t e e e  

frequencies  a r e  shown, i n  Fig. 4 ,  A t  t h e  computation of t h e  

resonant  frequency t h e  mode number along t h e  x-axis w a s  taken a s  

zero a s  t h e  d i s t r i b u t i o n  was Gaussian, S imi la r  agreement i s  ex- 

pected t o  hold  even i f  t h e  d i s t r i b u t i o n  along x-axis i s  of t h e  

form of a  Hermite funct ion  and Ex represented  ad 
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The term e -X Hm(x/a) i s  a Hermite polynomial of  o r d e r  m. 

I n  t h i s  case m r ep resen t s  t h e  mode number i n  x d i r e c t i o n .  

The technique used i n  measuring Q-values and t h e  dependence 

o f  Q on. t h e  mode numbers w i l l  be discussed a t  t h e  end of t h e  

next  sec t ion .  

Measurements on a Transmiss ion-Type Cavity 

I n  t h e  p resen t . case  t h e  energy was coupled i n t o  t h e  re-  

sona to r  through a small  c i r c u l a r  hole  i n  t h e  s i d e  w a l l  as shown 

i n  Fig. 3 .  The s i z e  of  t h e  ape r tu re  f o r  ob ta in ing  good 

resonance p a t t e r n s  and high i n s e r t i o n  l o s s e s  of  t h e  o rde r  of 

40  dB was determined experimentally.  High i n s e r t i o n  l o s a  was 

p r e f e r r e d  t o  ensure t h a t  t h e  unloaded Q-would be approximately 

equal  t o  t h e  loaded Q-value. 

For measuring t h e  Q-values, a Klystron source opera t ing  a t  

about  35 GHz was swept through t h e  resonance range by means 

of an e x t e r n a l  modulating u n i t  and t h e  3 dB p o i n t s  of t h e  

resonance ou tpu t  curve were measured with t h e  he lp  of frequency 

markers generated by mixing t h e  A-band s i g n a l  with the  4th 

harmonic of a s t a b i l i z e d  X-band s i g n a l  and monitoring t h e  f r e -  

quency of t h e  X-band s i g n a l  with a counter,  A s  i n  t h e  previous 

case t h e  mode numbers were evaluated from t h e  f i e l d  p l o t s .  

From t h e  knowledge o f  Q-values of t h e  r e sona to r  t h e  a t tenu-  

a t i o n  can be computed. I t  can be shown t h a t  t h e  a t t enua t ion  

and t h e  Q a r e  r e l a t e d  by t h e  expression 



I - where A i s  t h e  a t t e n u a t i o n  i n  dB p e r  r e $ f l e c t i o n .  

Before t h e  d i f f r a c t i o n  l o s s e s  can be found from t h e  measured 

da ta ,  it i s  necessary t o  account f o r  conduction l o s s e s  i n  t h e  

m e t a l l i c  r e f l e c t o r s .  A TE mode was assumed t o  e x i s t  i n  t h e  re- 

sonator ,  and considering Eq. 1 f o r  Ex as  t h e  p r i n c i p a l  mode, t h e  

o t h e r  f i e l d  components were obtained.  From these  equat ions 

t h e  conduction l o s s e s  were computed, 

The magnitudes of t h e  a t t enua t ion  w e r e  many o rde r s  l e s s  

than those computed from the  Q f a c t o r ,  This impl ies  t h a t  t h e  

conduction l o s s e s  can be d is regarded and t h a t  t h e  d i f f r a c t i o n  

l o s s e s  can be obta ined  as  a f i r s t  approximation d i r e c t l y  from 

Eq. 3 .  

Figures  5,6,7 show t h e  r e s u l t s  of t h e  measurements. They 

i n d i c a t e  t h e  dependence of  Q on, t h e  mode numbers. I n  Figure 5 ,  

- - which shows the  dependence of  Q on t h e  mode number p, each l i n e  

r ep resen t s  t h e  range of t h e  Q-value measured with t h e  same mode 

number p f o r  var ious  d i s t ances  of sepa ra t ion  between t h e  re-  

f l e c t o r s .  Each p o i n t  marked on t h e  l i n e  a l s o  corresponds t o  a 

d i f f e r e n t  mode number n with same p. Fig. 6 shows t h e  dependence 

of Q on n.  A s  i n  t h e  previous case each l i n e  here  r ep resen t s  t h e  

range of Q-values measured f o r  cons tan t  number n a s  spacing i s  

va r i ed  and each p o i n t  on t h i s  l i n e  r ep resen t s  a mode wi th  a 

d i f f e r e n t  p. The fol lowing conclusions can be drawn from t h e  

p l o t s :  

(1) For a f i x e d  p t h e  Q-value i s  h i g h e s t  f o r  a s p e c i f i c  

number n. Xn t h i s  case  n = 19 f o r  p = 11 and it drops o f f  

f o r  inc reas ing  values of n ,  



( 2 )  For f i x e d  numbers n ( see  Fig. 6 )  , s m a l l e s t  numbers 

of p correspond t o  h i g h e s t  Q. For l a r g e r  numbers of p, 

t h e  Q-value decreases  r ap id ly .  The h ighes t  va lue  of  

t h e  measured ' Q '  was f o r  n = 1 9  and p = 11. I t  was, 

however, no t i ced  t h a t  t h e  same p a i r  of mode numbers 

was experimental ly  observed a t  more than  one value of  d. 

I n  such cases  t h e  mode wi th  s m a l l e s t  d gave h i g h e s t  Q. 

The l a t t e r  phenomena can be observed from Fig. 7. I t  

shows t h e  dependence of 'Q' on ' p '  and d f o r  cons tan t  numbers 

n. The v e r t i c a l  l i n e s  of t h e  p l o t s  appearing f o r  lower value 

of  p r ep resen t  t h e  ranges of  t h e  Q-value f o r  t h e  modes wi th  

t h e  same numbers n and p b u t  f o r  d i f f e r e n t  d i s t a n c e s  of separa- 

t i o n  d,  In  a l l  t h e s e  cases  it was observed t h a t  h i g h e s t  'Q '  

was obtained f o r  s m a l l e s t  sepa ra t ion  d. 

Measurements conducted a t  t h e  t w o  o t h e r  f requencies  

(37,508 and 37.49 G H z )  i n d i c a t e d  s i m i l a r  t r ends  confirming t h e  

above conclusions.  The mode number n where 'Q' was h ighes t  

was, however, found t o  be dependent on t h e  frequency of opera t ion .  

I t  was found t h a t  a t  37.508 G H z  Q was a maximum f o r  n = 17 and 

f o r  a frequency of 37.490 GHz n was 20 f o r  t h e  maximum Q. In  a l l  

t h e  above t h r e e  cases  t h e  separa t ion  d between t h e  r e f l e c t o r  wa l l s  

d was v a r i e d  between 6,8 and t o  13.5 cm. 

Considerable d i f f i c u l t i e s  were encountered a t  t h e  measure- 

ments using t h e  resonator  a s  a r e f l e c t i o n  type one-port with t h e  

coupling hole  a t  t h e  c e n t e r  of one of  the  r e f l e c t o r s .  This per- 

mi t ted  d t o  be va r i ed  over  a much wider range, 1 , 5  t o  13.5 cm. 



I n  t h i s  case Q-value measurements were made by evalua t ion  of t h e  

probe output .  Since t h e  probe i n s e r t i o n  i n t o  t h e  resonator  had 

t o  be kept  small  t o  avoid any pe r tu rba t ion  e f f e c t s ,  measurements 

could be conducted on them as  the ou tpu t  of t h e  probe i n  such 

cases  was t o o  small .  Also, t h e  mode number p i n  a l l  t h e s e  cases  

was very small  (of o r d e r  2 )  and t h e  p a t t e r n s  recorded were con- 

s ide rab ly  d i s t o r t e d ,  n o t  permi t t ing  t h e  c o r r e c t  eva lua t ion  of 

p  values,  I n  t h e  p r e s e n t  i n v e s t i g a t i o n s  measurements were 

r e s t r i c t e d  t o  modes wi th  moderate t o  low Q-values. The r e s u l t s  

for t hese  modes compared favorably with those obta ined  i n  t h e  

f i r s t  case.  The conclusions a r e  appl icable  f o r  t h i s  case a l so .  

Fur ther  i n v e s t i g a t i o n  of t h e  s t r u c t u r e  inc luding  measurements 

on modes with high Q-values i s  now i n  progress .  



References 

1. R. W. Zimmerer: Spher ica l  Mirror Fabry-Perot 

Resonators, IEEE Trans. on M i  crowave Theory 

and Technique, Vol. MTT-11, pp, 371-379, 

(September 1963).  

2.  J. R. Potukuchi, F, J. Tischex: Study of Open 

Resonator wi th  C y l i n d r i c a l  Ref lec t ions ,  Progress  

Report, Grant NGL 34-002-047, pp. 59-66, 

(June 1970).  

3.  J. B. Beyer, E. H. Scheibe, Loss Measurements of 

t h e  Beam Waveguide, IEEE Trans. on Microwave 

Theory and Technique, Vol. MTT-11, pp. 18-21, 

(January 1963). 



A Fig. 1 Nonconfocal Resonator. 

d Spacing between ref  l ec to r s  

R Radius of curvature of re f lec tors .  

Fig. 3 Equivalent p l a n e  - wall Resonator. 



i ? i c j .  2 ?.lr?~:si;llremt:r;t 52tu33 f o r  the s t u d y  of an open 
c ; - l i r i ~ i r i z a l - ~ e f  lector resonator ,  
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fc = Theore t i ca l  resonant  frequency 

f = Bleasured resonant  frequency 
0 

Distance sf separa t ion  d ( i n  ems) 
Fig. 4.  Percentage error E versus d i s t a n c e  of 

separa t ion .  



Frequency 36 .46  GHz 
(Numbers i n  pa ren thes i s  a r e  
a r e  t r ansverse  mode numbers 
n)  

Longitudinal  m ~ d e  n u d e r  p 

Fig.  5 Qual i ty  f a c t o r  Q versus  long i tud ina l  
mode number 'p 



Frequency 36.64 GHz 
Numbers i n  pa ren thes i s  
a r e  l o n g i t u d i n a l  mode 
numbers p 

Transverse mode number n 

Fig. 6 Q u a l i t y  f a c t o r  Q versus  t r ansverse  mode 
number n. 



Frequency 36 .46  GHz 
Numbers i n .  p a r e n t h e s i s  a r e  
t h e  d i s t a n c e s  of s e p a r a t i o n  
( Cms ) 

Longi tud ina l  mode number p 

F ig .  7 Q-values i n  terns of l o n g i t u d i n a l  and 
t r a n s v e r s e  made numbers for vary ing  
s e p a r a t i q n  6, 


