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INTRODUCTION 

T h i s  progress  r e p o r t  p re sen t s  t h e  r e s u l t s  of  research 

carried o u t  under Grant NGR 34-002-0471S2 during t h e  per iod  

October 1, 1 9 6 8  t o  January 31, 1968. 

The progress  r e p o r t  c o n s i s t s  of s e v e r a l  p a r t s  dea l ing  w i t h  

var ious t o p i c s  of millimeter-wave t ransmission by unconventional 

guidance p r i n c i p l e s .  One of t h e  p a r t s  deals w i t h  measurements 

of t he  a t t enua t ion  and Q-values of waveguide sec t ions  w i t h  

a r t i f i c i a l  d ie lectr ics  c a r r i e d  o u t  a t  35 GHz. Two subsequent 

p a r t s  deal w i t h  the  fence guide; one of t h e m  with measurements 

of t h e  loss c h a r a c t e r i s t i c s  of  t h i c k  w i r e  g r i d s  and t h e  o t h e r  

with a proposal of a low-leakage fence-guide s t r u c t u r e s  A 

fou r th  p a r t  p re sen t s  computer programs for  obta in ing  graphs for  

the a t t enua t ion  of sincJle-slab H-guides i n  terms of t h e  s t r u c -  

t u r a l  dimensions, 

The preceding t h e o r e t i c a l  s t u d i e s  of t he  H-guide w i t h  

a r t i f i c i a l  dielectrics have shown t h a t  reduct ions  of t h e  a t t en -  

ua t ion  of H-guides made p o s s i b l e  by t h e  use of a r t i f i c i a l  d i -  

electrics i n  t h e  form of h igh-permi t t iv i ty  dielectr ic  s t r i p s  

and m e t a l l i c - s t r i p  s t r u c t u r e s  r ep resen t  a s i g n i f i c a n t  improve- 

ment of t h e  characteristics of t h i s  type of waveguides, The 

measurements a t  35 GHz p r e l i m i n a r i l y  confirm these f indings.  

A more thorough eva lua t ion  of the  r e s u l t s  is  i n  progress  a t  

present .  The primary purpose of the  measurements, however, w a s  

t o  g a i n  information requi red  for  the  design of a prototype model 

of an H-guide w i t h  metallic s t r i p  s t r u c t u r e  which w i l l  be used 
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f o r  t he  comparison of  t h e  var ious design approaches of rectan-  

gular-guide- l ike s t r u c t u r e s .  

Measurements of t h e  c h a r a c t e r i s t i c s  of t h i c k - w i r e  g r i d s  

are described next  which were carried o u t  during the  r e p o r t  

per iod  t o  v e r i f y  t h e  v a l i d i t y  of  r e l a t i o n s h i p s  used f o r  t h e i r  

computation. The measured values  of t h e  r e f l e c t i o n  and t rans-  

mis s ion  c o e f f i c i e n t s  of lossy-wire g r i d s  a r e  compared w i t h  com- 

puted values .  W i r e  g r i d s  made of b r a s s  and s i l v e r - p l a t e d  w i r e s  

a r e  considered, S a t i s f a c t o r y  agreement w a s  obtained f o r  small  

spacing, p a r t i c u l a r l y  important for  t h e  design of g r i d s  f o r  

fence-guide appl ica t ion .  As a supplement, a method w a s  devel- 

oped f o r  t h e  computation of t h e  c h a r a c t e r i s t i c s  of g r i d s  com- 

posed of r ec t angu la r  pos ts .  The r e s u l t s  are under eva lua t ion  

a t  present .  

I n  t h e  t h i r d  p a r t  of t h i s  r e p o r t p  a new concept i n  fence- 

guide design i s  out l ined .  The concept i s  based on the  f a c t  t h a t  

t h e  leakage of energy through t h e  w i r e  g r i d  depends on the  r a t i o  

of t h e  phase v e l o c i t y  of waves i n  t h e  waveguide t o  t h a t  of waves 

r a d i a t e d  from t h e  w i r e  g r i d .  I t  can be shown t h a t  t h e  leakage 

becomes n e g l i g i b l e  when the  r a t i o  approaches o r  i s  less than 

one. Reduction of t h i s  r a t i o  can be achieved by d ie lec t r ic  

loading of t h e  i n t e r n a l  region of the fence guide. Severa l  ex- 

amples for  s t r u c t u r e s  by which t h i s  can be accomplished are 

shown, 

A presen ta t ion  of  revised r e l a t i o n s h i p s  and graphs of t h e  

a t t enua t ion  of s ing le - s l ab  waveguides concludes t h e  r epor t .  
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The con t r ibu t ions  t o  t h e  a t t enua t ion  by the w a l l  losses and the 

dielectric losses are presented g raph ica l ly  i n  terms of t h e  d i -  

e lectr ic  slab th ickness  and p l a t e  s epa ra t ion  i n  normalized form, 

By t h e  normalizat ion,  some of the r e s u l t s  become frequency- 

independent * 
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Q-VALUE MEASUREMENTS ON 
SHORTENED H-GUIDE TEST SECTIONS 

Abs t r ac t  

Q-value measurements on shortened H-guide t es t  sec t ions  

forming a cav i ty  are described. The r ec t angu la r  cav i ty  conta ins  

c e n t r a l l y  located guiding s t r u c t u r e s  such as d i e l e c t r i c  slabs 

o r  metall ic s t r i p  s t r u c t u r e s .  The Q-value measurements a c t u a l l y  

r ep resen t  measurements of t h e  a t t enua t ion  of t he  shortened wave- 

guide s e c t i o n s .  The r epor t ed  measurements were carried o u t  a t  

35 GHz.  

T h e  measurement s e tup f  t h e  measurement procedures and re- 

s u l t s  are described, Emphasis w a s  placed on t h e  measurement of 

t he  characterist ics of an H-guide w i t h  a r t i f i c i a l  d ie lectr ic  i n  

t h e  form of a meta l l ic -s t r ip  s t r u c t u r e .  To f ac i l i t a t e  compari- 

sonsf  t he  characteristics of guides w i t h  dielectric slabs and of 

commercially ava i l ab le  r ec t angu la r  guides w e r e  determined a l so .  

Some nonconventional phases of t h e  measurement procedure, 

such as frequency measurement of t he  swept-frequency s i g n a l ,  

mode a n a l y s i s  and mode i d e n t i f i c a t i o n ,  and improvements of t he  

accuracy of t h e  a c t u a l  Q-value determinat ion are d iscussed  i n  

g r e a t e r  de ta i l .  
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In t roduct ion  

Q-value measurements of H-guide t es t  s e c t i o n s  w i t h  var ious 

guiding s t r u c t u r e s  w e r e  carried o u t  t o  v e r i f y  t h e  r e s u l t s  ob- 

t a ined  previously by computation. V e r i f i c a t i o n  of computed 

values of a t t enua t ion  and Q is necessary i n  t h e  millimeter-wave 

region s i n c e  considerable  d iscrepancies  are usua l ly  observed i n  

t h i s  frequency range, The d iscrepancies  are t h e  r e s u l t  of d i f -  

ferences between t h e  measured and computed values  of  t h e  sur face  

r e s i s t a n c e  i f  t he  bulk values  of conduct ivi ty  of t h e  material  of 

t h e  w a l l s  are used i n  t h e  computation, 

An add i t iona l  purpose of t he  Q-value measurement is  t h e  

determination of t h e  data of dielectrics which are t o  be used 

i n  design of H-guide s t r u c t u r e s  w i t h  a r t i f i c i a l  dielectrics.  

The maximum frequency for  which t h e i r  data are usua l ly  furnished 

by the manufacturer i s  1 0  GHz.  Considerable d i f f e rences  were 

observed between these data and those a t  m i l l i m e t e r  waves i n  t h e  

35 GHz region,  

The measurements of t h e  characteristics of t h e  var ious 

guiding s t r u c t u r e s  usua l ly  c o n s i s t  of two p a r t s ,  a mode ana lys i s  

of t h e  cav i ty  after i n s e r t i o n  of the  s t r u c t u r e  and t h e  a c t u a l @  

Q-value determination, The mode ana lys i s  i s  necessary t o  i d e n t i f y  

the  H-guide modes among the spectrum of f requencies  a t  which the  

cav i ty  r e sona te sD I f  s e v e r a l  resonances are observed i n  t h e  fre- 

quency region where t h e  H-guide mode is supposed t o  be loca ted ,  

mode suppressors  have t o  be used t o  e l imina te  t h e  undesired mode 
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or  t o  d i s l o c a t e  t h e i r  resonant  f requencies .  Thin wires, o r i e n t e d  

and loca ted  a t  appropr ia te  p l aces  i n  t h e  c a v i t y  were tested as 

mode modifiers and found u s e f u l  f o r  t h e  frequency d i s l o c a t i o n  of 

i n t e r f e r i n g  modes e Absorbing l a y e r s  i n s e r t e d  i n t o  t h e  cav i ty  

were found t o  be the  m o s t  effective means of mode suppressors .  

Layers of paper and cardboard of varying thicknesses  served as 

absorbers 

For t h e  determinat ion of t h e  resonant-f requency spectrum, 

t h e  use of  a calibrated cavi ty- type frequency m e t e r  w a s  found un- 

s a t i s f a c t o r y  due t o  i t s  low Q-value. Heterodyne frequency mea- 

surement has  t o  be used f o r  t h i s  purpose and f o r  t h e  Q-value 

measurements, The frequency measurement i s  descr ibed i n  one of 

t h e  sections of this r epor t .  

The prel iminary measurements descr ibed i n  t h e  preceding 

progress  r e p o r t  (October 15, 1 9 6 8 )  dealt  p r imar i ly  with t h e  mode 

ana lys i s .  However! Q-value measurements were a l s o  carried o u t  

a t  t h a t  t i m e  t o  determine whether t h e  errors r e s u l t i n g  f r o m  the 

instruments and from t h e  measurement procedures w e r e  s u f f i c i e n t l y  

low to  give meaningful r e s u l t s .  I t  w a s  found t h a t  t h i s  was n o t  

t h e  case and improvements w e r e  necessary t o  ob ta in  s a t i s f a c t o r y  

accuracy and r e p e a t a b i l i t y  A d e s c r i p t i o n  of the  improvements 

i s  also a p a r t  of t h i s  report. 

The conten t  of t h e  report c o n s i s t s  of a br ief  d e s c r i p t i o n  

of t h e  measurement s e tup  used f o r  t h e  mode ana lys i s ,  Q-value 

measurement, and t h e  determinat ion of t h e  i n s e r t i o n  loss (for 

f ind ing  t h e  unloaded Q-value).  The heterodyne frequency measure- 

ment described i n  one of t h e  following s e c t i o n s  r ep resen t s  an 
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important p a r t  of the measurement operat ion.  The a c t u a l  Q-value 

determinat ion i s  described i n  the following s e c t i o n s  on wave 

mode i d e n t i f i c a t i o n ,  Q-value measurement, and i n  Appendix A. 

The measurement r e s u l t s  are presented i n . t h e  following sections,  

f o r  dielectric slabs, metallic s t r i p  S t r u c t u r e s ,  and i n  Appendix 

B f o r  r ec t angu la r  waveguides. The measured r e s u l t s  then faci l i -  

ta te  comparisons of the measured values  of Q and a t t enua t ion  of 

r ec t angu la r  s tandard  waveguides, H-guides w i t h  d ie lectr ic  slabs, 

and H-guides with a r t i f i c i a l  dielectrics i n  the form of me ta l l i c -  

s t r i p  s t r u c t u r e s .  Evaluation of  t he  measured data i s  being 

carried o u t  a t  present .  
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General Descr ipt ion of t h e  
Measurement Setup 

The se tup  developed for  the m i l l i m e t e r  wave measurements 

b a s i c a l l y  se rves  t w o  purposes: One is t o  determine and t o  iden- 

t i f y  t h e  var ious  wave modes which can be e x c i t e d  when var ious 

types of s t r u c t u r e s  are i n s e r t e d  i n t o  the test  cavi ty .  The 

s t r u c t u r e s  are t o  be used l a t e r  for  waveguides. The second pur- 

pose i s  t o  measure t h e  Q-value f o r  the  i d e n t i f i e d  H-guide modes. 

From it, t h e  values  of a t t enua t ion  of t h e  waveguides conta in ing  

t h e  corresponding s t r u c t u r e s  are found. The c i r c u i t r y  has been 

descr ibed i n  a previous r e p o r t  of October 15, 1968, however, it 

w a s  somewhat modified and t h e  measurements w e r e  r e f i n e d  t o  i m -  

prove t h e  accuracy of t h e  determinat ion of t h e  Q-values. A cir-  

c u i t  diagram i s  shown i n  Fig. 1, 

The se tup  c o n s i s t s  of t w o  major p a r t s .  The first p a r t  in -  

c ludes a 35 GHz k l y s t r o n  as a power source which is frequency 

modulated by applying t o  t h e  r e p e l l e r  a sawtooth vol tage  ob- 

t a ined  from t h e  d e f l e c t i o n  c i r c u i t  of t h e  osc i l loscope .  The 

energy of t h e  k l y s t r o n  is  f e d  through an i s o l a t o r ,  a t t e n u a t o r ,  

two d i r e c t i o n a l  couplers ,  a p r e c i s i o n  a t t e n u a t o r ,  and a second 

i so la tor  i n t o  t h e  tes t  cavi ty .  The output  of t h e  c a v i t y  i s  

connected through an E,H-tuner and a v a r i a b l e  a t t e n u a t o r  with 

the de tec to r ,  The DC output  of the  detector is  f e d  i Channel 

A of t h e  osc i l loscope .  The osc i l l o scope  is  a dual-beam, d i f f e r -  

e n t i a l - i n p u t  # Hewlett-Packard Model 132A. 

The second p a r t  inc ludes  two branches of which one provides  

rough determinat ion of t h e  frequency by a cavi ty- type,  c a l i b r a t e d  
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frequency meter and a s i g n a l  which i s  propor t iona l  t o  t h e  ou tpu t  

amplitude of  t h e  k lys t ron ,  The l a t t e r  s i g n a l  is appl ied  t o  

Channel B+ of t h e  osc i l l o scope  and is  used t o  determine t h e  t r ans -  

f e r  r a t io  of  t h e  tes t  cav i ty  and t o  g ive  a re ference  s i g n a l  fo r  

t h e  Q-value measurement. The o t h e r  branch feeds t h e  A-band s ig -  

n a l  i n t o  a mixer which i n  combination with a tunable  X-band s i g -  

n a l  y i e l d s  a heterodyne b e a t  s i g n a l  of t h e  d i f f e r e n c e  frequency 

between t h e  fou r th  harmonic of t h e  s i g n a l  of t h e  X-band oscil la- 

t o r  and t h e  A-band s i g n a l ,  Presence of t h e  b e a t  s i g n a l  i s  used 

for  t h e  c a l i b r a t i o n  of t h e  osc i l l o scope  g r a t i c u l e  fo r  the  swept- 

frequency s i g n a l  of t h e  k lys t ron ,  A low-pass f i l t e r  i s  i n s e r t e d  

i n t o  t h e  l i n e  which feeds t h e  amplfied output  s i g n a l  of t h e  mixer 

t o  Channel B- of t h e  osc i l l o scope ,  

Swept- Frequency Opera ti on 

A 60-cycle sawtooth s i g n a l  made a v a i l a b l e  from a func t ion  

genera tor  o r  from the d e f l e c t i o n  c i r c u i t  of t h e  osc i l l o scope  i s  

superimposed to  t h e  r e p e l l e r  vo l tage  f o r  t he  A-band k lys t ron  and 

simultaneously appl ied  t o  t h e  ho r i zon ta l  def lect ion of t h e  H e w l e t t -  

Packard Model l32A, dual-beam, d i f f e r e n t i a l - i n p u t  osc i l loscope ,  

The ou tpu t  frequency of the k l y s t r o n - i s  w i th in  a l i m i t e d  region 

propor t iona l  to t h e  magnitude of t h e  r e p e l l e r  voltage. Therefore,  

by applying a ramp, o r  sawtooth, waveform t o  t h e  r e p e l l e r ,  t h e  

ou tpu t  frequency of t h e  k l y s t r o n  varies l i n e a r l y  with t i m e  over  a 

narrow frequency band,, Adjustment of the magnitude of t h e  ramp 

waveform c o n t r o l s  t h e  range of t h e  frequency sweep. Applying 

t h i s  same waveform to t h e  h o r i z o n t a l  d e f l e c t i o n ,  t h e  osc i l l o scope  
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di sp lays  t h e  observed q u a n t i t y  as a func t ion  of frequency. The 

swept-frequency opera t ion  i s  then used f o r  t h e  mode i d e n t i f i c a -  

t i o n  and t h e  Q-value measurement. 

Heterodyne Frequency Measurement 

A s m a l l  po r t ion  of t h e  swept A-band s i g n a l  i s  sampled through 

a LO db d i r e c t i o n a l  coupler  t r ansmi t t ed  through a v a r i a b l e  a t tenu-  

a tor  and used as an input  t o  the  A-band p o r t  of a D e  Mornay Bonardi 

DBGD-350 C r y s t a l  M u l t i p l i e r ,  Energy from an X-band tunable  source 

( a  Hewlett-Paekard Sweep Osci l la tor  i s  being used a t  t h e  p re sen t  

t i m e )  the  frequency of same being continuously monitored through 

a 1 0  db d i r e c t i o n a l  coupler  and v a r i a b l e  a t t e n u a t o r  by a H e w l e t t -  

Paekard 52494 E l e c t r o n i c  Counter, i s  used as  an inpu t ,  through a 

v a r i a b l e  a t t e n u a t o r ,  t o  t h e  X-band p o r t  of t h e  m u l t i p l i e r ,  The 

m u l t i p l i e r  c o n s i s t s  of ad jus t ab le  s h o r t s  i n  both t h e  A and X band 

ams and a lN53 c r y s t a l  diode properly loca t ed  and coupled i n t o  

the  c i r c u i t  so t h a t  t he  low-frequency output  signal. of t h e  mult i -  

p l i e r ,  which i n  effect  is a resonant  cav i ty ,  can be detected, 

Detectable  mixing occurs  when t h e  A-band frequency equals  a con- 

venien t  harmonic; e a g a l  t h e  fou r th  harmonic, of t h e  X-band frequency. 

When t h i s  condi t ion  is f u l f i l l e d ,  a sp ike  i n  t h e  low-frequency out- 

p u t  of  the mixer occurse This sp ike  is  amplif ied,  f i l tered,  and 

R-C coupled i n t o  Channel B- of the osc i l loscope .  The relative 

p o s i t i o n s  of the movable s h o r t s  i s  ad jus ted  such t h a t  t h e  ou tpu t  

of t h e  lN53 i s  a maximum and unwanted harmonically related s i g n a l s  

are reduced, The  frequency of  t h e  A-band s i g n a l  can then be found 

~ t h e  X-band s i g n a l  with t h e  frequency counter  and by 
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mult ip ly ing  t h e  counter  frequency by t h e  harmonic m u l t i p l i c a t i o n  

f a c t o r  (4) for the  frequency t h a t  has been u t i l i z e d .  This tech- 

nique f o r  t h e  accura te  determinat ion of A-band frequencies  has  

beer? q u i t e  success fu l  and has  r e s u l t e d  i n  frequency measurements 

having a r e l a t i v e  e r r o r  of about 20.003%. 

Wave Mode I d e n t i f i c a t i o n  

Since a number of wave modes a re  e x c i t e d  i n  t h e  t es t  c a v i t y ,  

including t h e  H-guide modes under i n v e s t i g a t i o n  and o t h e r  unde- 

sired modes, a c a r e f u l  i d e n t i f i c a t i o n  of t h e  observed resonances 

has t o  be c a r r i e d  o u t ,  A s  a f i r s t  s t e p ,  t h e  resonance frequencies  

of a l l  modes a r e  determined. A calibrated resonant-cavity fre- 

quency meter g ives  a rough i n d i c a t i o n  of t h e  frequency, which 

af terward is measured accura te ly  by t h e  heterodyne c i r c u i t ,  The 

sepa ra t ion  of t h e  wave modes i n t o  those of the  H-guide type and 

t h e  undesired modes i s  done, a t  p re sen t ,  by i n s e r t i n g  absorbing 

Payers of material on t h e  top and bottom of t h e  cavi ty .  Other 

methods of mode f i l ters w e r e  t e s t e d  before  b u t  d i d  no t  g ive  the  

desired r e s u l t s .  The absorbing material in t roduces  losses and 

a t t enua te s  t h e  undesired cav i ty  modes considerably b u t  has very 

l i t t l e  e f f e c t  on t h e  H-guide modes s i n c e  t h e i r  f i e l d s  decay 

exponent ia l ly  toward t h e  top  and bottom w a l l s  of t h e  c a v i t y  where 

t h e  absorbing l a y e r s  are located. Absorbing l a y e r s  of t h r e e  

th icknesses  have been appl ied.  For the  i d e n t i f i c a t i o n  of t h e  

wave modes, t h e  t r a n s f e r  ratio', which is  the  ra t io  of output  t o  

i n p u t  s i g n a l  of t h e  test cav i ty ,  i s  observed. The t r a n s f e r  ra t io  

is  a rough i n d i c a t i o n  of the Q-value. The Q-values of the cav i ty  
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f o r  H-guide modes is  only s l i g h t l y  a f f e c t e d  by t h e  absorbing 

l a y e r s  and i s  cha rac t e r i zed  by low-transfer  ratios.  The pro- 

cedure makes p o s s i b l e  the i d e n t i f i c a t i o n  of t h e  H-guide modes @ 

Figs,  2 and 3 show t h e  magnitudes of t h e  t r a n s f e r  r a t i o  f o r  

t h e  var ious  wave modes wi thout  and with var ious  absorbing l a y e r s  

(denoted by AL1 and AL3) i n s e r t e d ,  The c h a r a c t e r i s t i c s  of t h e  

absorbing l a y e r s  are: 

A L l :  Thickness O,l5 mm, typewri te r  bond paper 

aL2:  Thickness 0,35 mm, heavy paper 

aL3: Thickness 0,65 mm, cardboard 

Moderate reduct ion of  t h e  magnitudes of t h e  t r a n s f e r  r a t io  

i s  t y p i c a l  f o r  t h e  H-guide modes, 

Improved Method of Q-Value Measurement 

Preceding measurements of t h e  Q-values i n  t h e  m i l l i m e t e r  

wave region have shown t h a t  excessive d iscrepancies  e x i s t e d  be- 

tween measured and computed values  and t h a t  t h e  r e p e a t a b i l i t y  of 

t h e  measurements w a s  no t  s a t i s f a c t o r y ,  For t h i s  reason, a new 

cav i ty  made of so l id  copper, highly pol i shed  before  assembly, w a s  

manufactured and i s  used fo r  t h e  p re sen t  measurements, The re- 

p e a t a b i l i t y  w a s  a d d i t i o n a l l y  improved by using steel screws and 

by c a r e f u l  assembly procedureso Fur ther  improvement of t h e  

accuracy of t h e  Q-value measurement w a s  ob ta ined  by tak ing  i n t o  

account the v a r i a t i o n  of t h e  ou tpu t  amplitude of t h e  k l y s t r o n  

during t h e  frequency sweepB This problem did no t  e x i s t  a t  X-band 

frequencies  s i n c e  a leveled frequency-sweep gene ra to r  w a s  used. 

The non-leveled ou tpu t  of the k l y s t r o n  is taken i n t o  account by 
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Fig. 4 Oscil loscope display for Q-value measurement 
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trace of t h e  osc i l l o scope  as a re ference  l e v e l .  

on t h e  osc i l l o scope  t h e  varying output  l e v e l  

below t h e  m a x i m u m  of t h e  o t h e r  trace which 

descr ibes  t h e  resonance curve as shown i n  Fig. 4 .  The Q-value 

i s  obtained by determining t h e  frequencies  where t h e  r e fe rence  

trace intersects t h e  trace represent ing  t h e  resonance curve of 

t h e  c a v i t y ,  Fox t he  determinat ion of t h e  frequencies  a t  t h e  

i n t e r s e c t i o n  p o i n t s ,  t h e  g r a t i c u l e  of t h e  osc i l l o scope  i s  cal i -  

b ra t ed  a t  t h e  beginning o f  the  measurement by t h e  use  of the  

heterodyne frequency technique descr ibed i n  one of t h e  preceding 

s e c t i o n s ,  I t  should be noted t h a t  t h e  e r r o r  of t he  frequency 

determinat ion i s  less than -1 MHz a t  35 G H z ,  Improvement of t h e  

measurement accuracy w a s  a l s o  obtained by l i m i t i n g  t h e  measure- 

ment region on t h e  osc i l l o scope  t o  t h e  l i n e a r  po r t ion  of t h e  

g r a t i c u l e  of t h e  osc i l loscope .  

9 

Q-Value Measurement f o r  
Dielectric Slabs 

The Q-value o f  t h e  cav i ty  w a s  measured a f t e r  i n s e r t i o n  of 

d i e l e c t r i c  slabs of varying thicknesses  f o r  ob ta in ing  re ference  

values  for  t h e  later measurements on a r t i f i c i a l  dielectrics, 

The th icknesses  used w e r e  0,85, l .435, 1.955, and 2.55 mm. A 

mode a n a l y s i s  and i d e n t i f i c a t i o n  similar to t h a t  descr ibed earlier 

w a s  carried o u t  as a f i r s t  s tep .  The measurement data are pre- 

sen ted  i n  Figs. 2,  3, and 5,  P l o t s  of t h e  t r a n s f e r  ratios i n  

l o g a r i t h d c  scale vs. resonant  frequency are shown i n  Figs.  2 

and 3. The lengths  of  t h e  l i g h t  l i n e s  i n d i c a t e  t h e  ra t ios  a f t e r  

i n s e r t i o n  of  t h e  d i e l e c t r i c  slabs of s p e c i f i e d  thicknesses .  The 
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values  reduced by the l o s s e s  i n  t h e  absorbing l a y e r s  (ALL and 

AL3) are ind ica t ed  by heav ie r  l i n e s  and t h e  added number 1 t o  3 .  

The number 1 i n d i c a t e s  t h e  reduced amplitude a f t e r  i n s e r t i o n  of 

t h e  absorbing l a y e r  A L l ,  and so on. P l o t s  f o r  0,85 and 1.955 mm 

Rexolfte are shown, As i n d i c a t e d  by t h e  graphs,  t h e  H-guide 

modes TEIOn are only s l i g h t l y  a f f e c t e d  by t h e  presence of t h e  

lossy  l a y e r s  on t h e  top  and bottom su r faces  of the cavi ty .  The 

ra t ios  f o r  t h e  o t h e r  wave modes are reduced appreciably and some 

f a l l  below t h e  observable level. Based on t h i s  procedure,  t h e  

H-guide modes TElOg8 TElOlo8 and TEIOll were i d e n t i f i e d .  

graph of Fig,  5 shows t h e  mode s p e c t r a  f o r  each th ickness  of 

t h e  d i e l e c t r i c  s l a b  and t h e  s h i f t s  of t h e  resonance frequencies  

f o r  t h e  i d e n t i f i e d  TEIOn modes by t h e  dashed l i n e s .  

can be used f o r  t h e  determinat ion of t h e  values  of the guide 

wavelength of  H-guide modes f o r  t h e  s p e c i f i e d  th icknesses  of t h e  

d i e l e c t r i c  s l a b s  and f o r  t h e i r  comparison with t h e  t h e o r e t i c a l  

values ,  I t  is noted t h a t  t h e  TEIOn H-guide modes a r e  a c t u a l l y  

hybrid modes wi th  long i tud ina l  components of t h e  electric and 

The 

The graph 

magnetic f i e l d s ,  

As a next  s t e p ,  t h e  Q-values , loaded and unloaded, were 

determined, The loaded Q-values w e r e  measured by t h e  descr ibed 

method. Measurements and r e l a t i o n s h i p s  f o r  f ind ing  t h e  unloaded 

Q-values are descr ibed  i n  Appendix la T a b l e  1 provides a l i s t i n g  

of the Q's obta ined  f o r  t h e  d i f f e r e n t  th icknesses  of slabs f o r  

the H-guide modes t h a t  w e r e  i d e n t i f i e d ,  The d a t a  show t h a t  wi th  

inc reas ing  th icknesses  of t h e  slab, t h e  Q-values decrease due t o  
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dielectr ic  l o s s e s  i n  t h e  s l a b s ,  I t  should be noted t h a t  the maxi- 

mum e r r o r  of t h e  Q-value measurements i s  about 2500 i n  t h e  absence 

of i n t e r f e r i n g  wave modes. The obtained Q-values can then be used 

f o r  t h e  determinat ion of  t h e  a t t enua t ion  of t h e  H-guide. The 

method of  t h e  eva lua t ion  and t h e  r e s u l t s  w i l l , b e  discussed later. 

Q-Value f o r  Metallic S t r i p  S t r u c t u r e  

A modal. a n a l y s i s  w a s  performed on both s t r i p  s t r u c t u r e s  t o  

i d e n t i f y  t h e  TEIOn modes of resonancee A t  the i n s e r t i o n  of t h e  

absorbing l a y e r s p  t h e  t r a n s f e r  r a t i o s  fo r  o t h e r  than H-guide 

modes for  t h e  wide s t r i p  s t r u c t u r e  w a s  considerably a f f e c t e d  as 

ind ica t ed  i n  Fig. 6 ,  The f i g u r e  shows the  t r a n s f e r  ra t ios  f o r  

the wave modes a t  s p e c i f i c  f requencies  by the  lengths  of the v e r t i -  

cal l i n e s ,  The medium Pines s t and  for  the  ra t ios  af ter  i n s e r t i o n  

of the  absorbing l a y e r s  NO. 2 (AL29, For AL3 only t w o  wave modes 

were observable and are i n d i c a t e d  by the  heavy l i n e .  This  per- 

m i t t e d  i d e n t i f i c a t i o n  of t h e  H-guide modes for  e h i s  s t r u c t u r e .  
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F i g .  7 Geometries of the s t r i p  structures 
(a) Wide-strip structure 
(b) Narrow-strip structure 
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The geometries of t h e  two s t r i p  s t ruc tu res  under i n v e s t i g a t i o n  

are i l l u s t r a t e d  i n  F i g D  7, 

The narrow s t r i p  s t r u c t u r e  d i d  n o t  e x h i b i t  s imilar  reduc- 

t i o n s  o f  %he t ransfer  ra t io ,  For t h i s  reason a computation of 

t h e  guide wavelength and of t h e  expected f i e l d  decrease f o r  t he  

H-guide mode w a s  c a r r i e d  out .  The computation ind ica t ed  t h a t  

one of t he  observed wave modes is t h e  TElO9 H-guide mode which 

a t  t he  observed frequency is cha rac t e r i zed  by a r e l a t i v e l y  small 

f i e l d  decrease ( 1 / 4 )  a t  t h e  upper and lower su r faces  of  t h e  

cavi ty .  Hence, i f  t h e  absorbing l aye r s  are introduced,  t h e  H- 

guide modes are also considerably a t tenuated  as w e l l  a s  the  

o t h e r  modes with l a r g e  reduct ions  of t h e  t r a n s f e r  r a t i o s ,  

Af te r  i d e n t i f i c a t i o n  of the  wave modes by these  methods, 

t h e  Q-values of t h e  major p a r t  of t h e  wave modes were measured, 

Evaluation of t h e  measurements g ives  t h e  following r e s u l t s :  

Narrow-s t r i p  s t r u c t u r e  : 

= 488% (Qu = 5078% @ f o  = 34.598 GHz TE108 -p. Qfi 

Wide-strip s t r u c t u r e :  

No conclusive i d e n t i f i c a t i o n  of t h i s  wave mode w a s  made, 

= 2249 (au= 2269) @ fo= 35.082 GHz TE109antisymmetric + Qfi 

T E l ~  9 symmetric =+ Q2 = 3507 (Qu= 3563) @ fo= 33.808 GHz 

Summarization of t h e  r e s u l t s  g ives ,  f o r  t h e  t h i n - s t r i p  s t r u c -  

t u r e ,  t h e  following data:  The Q-value of t h e  empty cav i ty  i s  
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Q, = 10,344 %au = 10,924) I n s e r t i o n  of dielectr ic  foam 

mate r i a l  fo r  t h e  support  of t he  m e t a l l i c  s t r i p s  reduces t h e  Q 

t o  Q, = 8,331 (Q, = 8,584). 

values  are Q, = 7144 (au = 7289) at a frequency of about 

35 G H z ,  

With t h e  s t r i p s  i n s e r t e d ,  t h e  
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Appendix A 

Determination of t h e  Unloaded Q-Value 

The unloaded Q of a resonant  mode i s  found using methods 

described i n  a previous r e p o r t  (January 15, 1968).  I t  i s  based 

on an i n s e r t i o n - l o s s  measurement of t he  transmission-type 

t es t  cav i ty  under matched condi t ions ,  F i r s t ,  t he  c a v i t y  i s  re- 

placed by a s e c t i o n  of r ec t angu la r  waveguide of t h e  same length  

as  the  cav i ty  inc luding  t h e  waveguide s e c t i o n s  on both ends. 

P r i o r  t o  replacement, t h e  peak of the  resonance curve i s  d is -  

played on t h e  osc i l loscope .  The cav i ty  is then replaced by 

the sec t ion  of r ec t angu la r  waveguide and t h e  a t t enua t ion  of a 

p r e c i s i o n  a t t e n u a t o r  i n  series w i t h  the  c i r c u i t  increased un- 

til t h e  output  s i g n a l  becomes equal  t o  t h e  l e v e l  of t h e  peak of 

t h e  previously d isp layed  resonance curve, The reading of t h e  

a t t enua t ion ,  i n  db, is  then t h e  i n s e r t i o n  l o s s  L [ab]. I t  i s  

recorded and t h e  unloaded Qu of t h e  resonant  cav i ty  i s  found 

from t h e  loaded value QR by t h e  following r e l a t i o n s h i p s ,  

-L/20 ; %mi-= 1 0  4-T- 
1-CF- 

Qu = Qfi I S  
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Appendix B 

Mode Spectrum and Q-Values 
f o r  Rectangular Waveguide 

Various s e c t i o n s  of  r ec t angu la r  waveguide w e r e  i nves t iga t ed  

t o  determine t h e  resonant  modes and Q-values i n  o rde r  t o  provide 

re ference  values  fo r  a comparison of t h e  data obtained experimen- 

t a l l y  f o r  t h e  guiding s t r u c t u r e s  f o r  H-guides. 

The measurements w e r e  carried ou t  i n  t h e  tes t  se tup  described 

before ,  Copper irises w e r e  manufactured t o  be a t tached  t o  t h e  

f langes of t h e  waveguide s e c t i o n s  under i n v e s t i g a t i o n ,  thereby 

forming a resonant  cavi ty .  A l , 9 5  mm ho le  w a s  centered on each of  

t h e  two irises t o  couple energy i n t o  and o u t  of t h e  s e c t i o n  of 

waveguide. 

Four s e c t i o n s  of waveguide w e r e  tested, They are ind ica t ed  

by t h e  terms T S l  t o  TS4 and are descr ibed as follows: T S l  and 

TS2 are s e c t i o n s  of Waveline, s i l v e r - p l a t e d  waveguide with lengths  

of 6 1  and 15-4  c m p  r e spec t ive ly .  TS3 has  a length  of l 7 , 9  c m  and 

i s  composed t o  t w o  ( 2 )  s e c t i o n s  of Waveline, s i l v e r - p l a t e d  9 0 °  

t w i s t s  coupled i n  series t o  provide a t o t a l  of 180' of r o t a t i o n  of  

t he  E-plane, TS4 s t ands  f o r  a s e c t i o n  of s p e c i a l l y  manufactured, 

heav i ly  s i l v e r - p l a t e d  waveguide t h a t  had been used t o  rep lace  the  

copper cav i ty  f o r  i n s e r t i o n  loss measurements. 

T h e  r e s u l t s  are presented i n  Table 2 which shows s e c t i o n s  of 

the  mode s p e c t r a  for  t h e  var ious  test s e c t i o n s ,  t h e  t r a n s f e r  

r a t i o s ?  and r ep resen ta t ive  Q-values. The data can be used f o r  

t h e  determinat ion and comparison of t h e  values  of a t t enua t ion  of 

t h e  waveguide sec t ions .  
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Table 2 
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CHARACTERISTICS O F  LOSSY-WIRE GRIDS 
FOR FENCE-GUIDE APPLICATIONS 

Abstract 

A s  a supplement t o  a preceding cons idera t ion  of w i r e  g r i d s  

i n  which the  l o s s e s  of  t h e  w i r e s  were disregarded,  t h i s  paper 

dea l s  with t h e i r  c h a r a c t e r i s t i c s  tak ing  i n t o  account t h e  losses, 

A comparison is  presented of  t h e o r e t i c a l  and measured values  of 

the  r e f l e c t i o n  and t ransmission c o e f f i c i e n t s  of l o s s l e s s  and 

lossy  w i r e  g r i d s .  W i r e  g r i d s  made of b r a s s  and s i l v e r - p l a t e d  

w i r e s  are considered. 

In t roduct ion  

I n  preceding r e p o r t s ,  t h e  characteristics of w i r e  g r i d s  

were considered f r o m  a viewpoint of t h e i r  app l i ca t ion  as side 

w a l l s  i n  fence guides ,  The der ived  r e l a t i o n s h i p s  are based on 

equat ions publ ished i n  a f e w  major articles. l t 2 t 3 t 4  The pub- 

l ished equat ions are pr imar i ly  v a l i d  for  s t r i p  s t r u c t u r e s ,  b u t  

t h e i r  use can be extended t o  round-wire g r i d s  by equat ing t h e  

s t r i p  width t o  t w i c e  t h e  diameter of t h e  g r i d  w i r e s .  The re- 

s u l t i n g  r e l a t i o n s h i p  taking i n t o  account t h e  l o s s e s  of t h e  w i r e s  

is  

I n  csc - rd  + RS - S zw = jzo A (1 + j) I S .rrd 

where 

Zw = wire-gr id  impedance, 

Zo = free-space impedance, 

R s  5 su r face  r e s i s t a n c e  of t h e  g r i d  metal, 
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s = w i r e  spacing, 

d = w i r e  diameter, 

A 0- free-space wavelength. 

Measurements were carried ou- t o  v e r i f y  t h e  v a l i d i t y  of 

this equat ion,  p a r t i c u l a r l y  i n  the case of l a r g e  w i r e  diameters 

t y p i c a l  f o r  the  fence-guide app l i ca t ion ,  Under t h i s  condi t ion , 
the usua l ly  appl ied  thin-wire approximations are no longer  va l id .  

I n  t h e  previously descr ibed measurements, the  l o s s e s  of  t h e  wires 

were n o t  taken i n t o  account and t h e  measurement s e tup  w a s  n o t  y e t  

f u l l y  developed, Discrepancies were observed between measured 

and computed values  of t h e  su r face  impedance a t  t h a t  t i m e .  

Improvements were subsequently made of t h e  measurement set- 

up by surrounding t h e  w i r e  g r i d  more c a r e f u l l y  with l a y e r s  of  

absorbing material, The probe used f o r  t h e  f i e l d  s t r e n g t h  

measurements w a s  very c a r e f u l l y  ad jus ted  i n  a s p e c i a l  measure- 

ment s e tup  t o  g ive  minimum coupling between i t s  o u t e r  conductor 

and t h e  a c t u a l  probe sec t ion ,  The o u t e r  conductor has been 

covered by absorbing material t o  reduce the  coupling and to  

e l imina te  waves reflected by t h e  probe, 

Two new sets of measurements were then c a r r i e d  ou t  with t h e  

improved equipment, The g r i d s  w e r e  made of b r a s s  w i r e  of l , 6  mm 

diameter i n  one set ,  and the w i r e s  were s i l v e r - p l a t e d  i n  t h e  

o t h e r  set of measurements. The w i r e  l o s s e s  w e r e  taken i n t o  

account i n  these measurements. 

I n  t h i s  r e p o r t  the  measurements, the used r e l a t i o n s h i p s ,  

and the r e s u l t s  are described. 
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Measurement Setup and Measurements 

The measurement s e t u p  c o n s i s t s  of an X-band (LO GHz) kly- 

s t r o n  source connected through an i s o l a t o r  t o  a p rec i s ion  a t t e n -  

ua tor ,  Its ou tpu t  energy i s  fed through a transmission-type 

wave meter i n t o  a d i r e c t i o n a l  coupler  and through a second iso- 

l a t o r  i n t o  a horn, The horn is mounted i n  a wooden frame and a 

w i r e  g r i d  i s  suspended approximately 30 c m  f r o m  t h e  mouth of t h e  

horn. Horn, w i r e  g r i d ,  and t h e  space behind t h e  g r i d  a r e  su r -  

rounded by absorbing ma te r i a l  t o  reduce undesired r e f l e c t i o n s  

of any kind and leakage around t h e  w i r e  g r i d .  An antenna-type 

probe p e n e t r a t e s  through a s l o t  i n  t h e  absorbing material i n t o  

t h e  region between t h e  horn and t h e  w i r e  g r i d .  I t  is  a t tached  

t o  a t r a v e l i n g  c a r r i a g e  which i n  t u r n  i s  mounted on top of t h e  

frame. The probe faci l i ta tes  measurement of t h e  f i e l d  s t r e n g t h  

d i s t r i b u t i o n  i n  f r o n t  of and behind t h e  w i r e  g r i d  as a func t ion  

of t h e  d i s t ance  from t h e  g r id .  

The standing-wave-ratio (SWR) i s  determined by measuring 

t h e  maxima and t h e  minima of t h e  f i e l d  s t r eng th .  The t r ans -  

mission c o e f f i c i e n t  i s  found by measuring a d d i t i o n a l l y  t h e  

f i e l d  s t r e n g t h  behind t h e  w i r e  g r i d ,  The SWR has a maximum 

measurable value s i n c e  spurious i n d i c a t i o n s  i n  t h e  minimum of  

t h e  f i e l d  s t r e n g t h  i n  f r o n t  of t h e  g r i d  are prevent ing accura te  

determinat ions of the  minimum's value.  The threshold  f o r  the  

measurement of s m a l l  values  of f i e l d  s t r e n g t h  is about 30 db 

below the  maximum. The measurements are made by ad jus t ing  t h e  

a t t e n u a t o r  i n  the  i n p u t  waveguide of t he  horn t o  g ive  cons t an t  
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i n d i c a t i o n s  of t h e  probe output .  The ou tpu t  vo l tage  of t h e  

probe is  r e c t i f i e d  by a detector and fed i n t o  an ampl i f ie r -  

i n d i c a t o r  t y p i c a l  f o r  SWR measurements. 

The w i r e  g r i d s  under i n v e s t i g a t i o n  have a s i z e  of about 

30 x 30 cm. Four g r i d s  a r e  made of 1 , 6  m diameter b r a s s  w i r e  

spaced a t  4,0, 8,0, 1 2 . 0 ,  and 16,O m. The w i r e s  can be re- 

placed by s i l v e r - p l a t e d  w i r e s  w i t h  t h e  same spacing. 

The measurements are carried o u t  by moving the  probe from 

t h e  g r i d  toward the  horn and by determining the  maxima and minima 

of the  f i e l d  s t r e n g t h ,  Two series of measurements a r e  c a r r i e d  

o u t ,  one w i t h  t h e  probe moving exac t ly  i n  f r o n t  of a g r i d  w i r e  

and t h e  o t h e r  w i t h  t h e  probe moving i n  a plane between t h e  w i r e s ,  

The measurements a r e  repeated and t h e  r e s u l t s  averaged. Subse- 

quent ly ,  t h e  probe i s  c a r e f u l l y  t r a n s f e r r e d  behind t h e  g r i d  and 

the  f i e l d  d i s t r i b u t i o n  determined i n  t h i s  region. Bas i ca l ly ,  

it is  cons tan t ;  s m a l l  r e s i d u a l  v a r i a t i o n s ,  however, a r e  observed 

which are t h e  r e s u l t s  of spur ious  waves. The effects of these 

waves can be p r a c t i c a l l y  e l i m i n a t e d  by averaging the  measured 

values  of f i e l d  s t r eng th ,  

Major Relat ionships  

The r e f l e c t i o n  and t ransmission c o e f f i c i e n t s  are, using 

no ta t ions  s u i t a b l e  for  computer programming, given by 

E t  
EL T = -  0 
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where 

E r  is t h e  r e f l e c t e d  wave, 

E t  i s  t h e  t r ansmi t t ed  wave, 

E i  is t h e  i n c i d e n t  wave. 

The propagation of plane waves through t h e  w i r e  g r i d  can be con- 

s ide red  by an analogous wave propagation along a t ransmission 

l i n e ,  The  w i r e  g r i d  is  represented  by a shunt  admittance, 

l / Z w  coupled p a r a l l e l  t o  t h e  l i n e  w i t h  a c h a r a c t e r i s t i c  impe- 

dance Zoo The coupling i n  p a r a l l e l  of t h e  impedances gives  

zw 0 zo 
zw 4- zo z =  

The r e f l e c t i o n  coeff ic ient  becomes 

z - z o  = -  1 
R =  z 4- zo 1 + 2 zw/zo e 

The t ransmission c o e f f i c i e n t  is 

2 zw/zo = * R =  1 + 2 zw/zo 

(39 

(4) 

The g r i d  impedance is given by 

zW/ZO = [E 5 1  S + jmfE e 5 S + x S e E T l ( C S C  z) S 4- q )  8 (6) 

l where F i s  a co r rec t ion  t e r m  introduced by MacFarlane . A loss 

f a c t o r  can be introduced which takes i n t o  account t h e  losses of 

the w i r e  g r i d s  i n  terms of t h e  f i e l d  s t r e n g t h  of t h e  i n c i d e n t  

wave, 
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Two computer programs were developed, one f o r  t he  determinat ion 

of t h e  theoretical va lues  of t h e  i n t e r e s t i n g  q u a n t i t i e s ,  namely, 

I RI , IT1 , SWR, and ER 

data. The values  of Rs used w e r e  2.54 x fo r  s i l v e r  

and 5,14 x lom7 

and one fo r  t h e  eva lua t ion  of t h e  measured 

f o r  brass .  

Computer Programs and Resul t s  

The f l o w  c h a r t  of the computer program for t h e  determinat ion 

of t h e  t h e o r e t i c a l  values  of t h e  observables  i s  shown on the  

following pages toge ther  with an explana t ion  of flow-chart  

symbols, The fol lowing Table 1 conta ins  t h e  resul ts . ,  The re- 

s u l t s  of t h e  experiments which were evaluated by the  second com- 

p u t e r  program a r e  shown on Table 2, 

The r e s u l t s  i n d i c a t e  t h a t  t h e  effects of t h e  w i r e  losses 

are r e l a t i v e l y  s m a l l  i f  t h e  g r i d s  are made of t h i c k  w i r e s .  The 

effects become more pronounced a t  s m a l l  s epa ra t ion  of t h e  w i r e s .  
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Explanation of Flow Chart  Symbols 

The equat ions designated by number can be found i n  t h e  pre- 

ceding t e x t .  

XLAM 

D 

S 

F 

R 

A 

RS 

R I P  

X I P  

XGP 

XTP 

RHOMG = 

TAUMG = 

SWR = 

SWRDB = 

EL - - 

t h e  wavelength 

t h e  w i r e  diameter 

t h e  center- to-center  w i r e  spacing 

t h e  MacFarlane co r rec t ion  f a c t o r  

an inpu t  v a r i a b l e  t o  c a l c u l a t e  w i r e  su r f ace  
r e s i s t i v i t y  

an i n p u t  v a r i a b l e  t o  supply the  p r i n t - o u t  label 

t h e  w i r e  su r f ace  r e s i s t i v i t y  as ca l cu la t ed  by 

11 11/2 R S = R .  I- 3 x 1 0  

1 I XLAM - 
t h e  su r face  resistance of t h e  g r i d  referenced 
t o  zo 
t h e  su r face  reac tance  of t h e  g r i d  referenced 
t o  zo 
t h e  MacFarlane reactance of t h e  g r i d  referenced 
t o  zo 
t h e  t o t a l  reactance of t h e  g r i d  

XTP = X I P  + XGP 

t h e  magnitude of t h e  r e f l e c t i o n  c o e f f i c i e n t  

t he  magnitude of t h e  t ransmission c o e f f i c i e n t  

t h e  vol tage  s tanding  wave r a t i o  as cu la t ed  from 
the r e f l e c t i o n  c o e f f i c i e n t  

the  SWR expressed i n  decibels 

the  loss f a c t o r  
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Flow C h a r t  of T h e o r e t i c a l  Program 

J 
C a l c u l a t e  R I P  

( E q t n .  6) 

C a l c u l a t e  X I P  

C a l c u l a t e  XGP 

C a l c u l a t e  XTP 
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C a l c u l a t e  RHOMG 

C a l c u l a t e  TAUMG 

C a l c u l a t e  SWR 

C a l c u l a t e  SWRDB 

l-----l C a l c u l a t e  EL 

8 
I 

W r i t e  
RHOMG,TAUMG,SWR, 
SWRDB, EL 

Yes t 
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T a b l e  1 

T h e o r e t i c a l  data for  lossless w i r e ,  s i l v e r  w i r e ,  and brass 

w i r e .  

L o s s l e s s  w i r e  

S RHOMG 

4 .0  0 .99987  
8.0 0 , 9 5 8 9 3  

1 2 . 0  0 , 9 9 9 4 0  
1 6 . 0  0 , 6 0 3 9 4  

S i lver  w i r e  

S RHOMG 

4,O 0 , 9 9 9 7 9  
8 . 0  0 , 9 5 7 8 8  

1 2 , o  0 , 9 9 9 9 9  
P6,O 0 , 6 0 3 7 2  

B r a s s  w i r e  

S RHOMG 

4.0 0 . 9 9 9 6 5  
8.0 0 . 9 5 7 6 3  

1 2 . 0  0 .79882  
1 6 . 0  0 .60350  

TAUMG 

0 , 0 9 5 9 0  
0 . 2 8 6 3 4  
0 .60080  
0 . 7 9 6 0 3  

TAUMG 

0 , 0 9 6 1 0  
0 , 2 8 6 4 8  
0 , 6 0 0 8 4  
0 .79”90 

TAUMG 

O.Ol612 
0 . 2 8 6 6 1  
0 . 6 0 0 8 8  
0 , 7 9 6 9 7  

SWRDB 

83.386 
33 396 
1 9  0 5 5  
1 2 . 1 4 8  

SWRDB 

7 8 . 3 0 1  
33.345 
1 9 , 0 4 2  
1 2 . 1 4 2  

SWRDB 

7 5 , 0 2 2  
33 .292  
1 9 . 0 2 8  
1 2  ., 1 3 6  

LOSS 

0.0 
0.0 
0.0 
0.0 

LOSS 

0 , 0 1 4 6 4  
0 , 0 9 8 3 8  
0 . 0 2 0 2 7  
0 . 0 9 7 6 8  

LOSS 

0 , 0 2 0 8 3  
0 , 0 2 8 2 1  
0 . 0 2 8 8 2  
0 . 0 2 5 1 5  
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Experimental data for silver-plated wire and brass wire. 

Silver-plated wire 

S RHOMG TAUMG SWRDB LOSS 

4.0 0,99927 0.03518 67.678 0.01461 
8.0 0,97121 0.23737 36.680 0.02010 

12.0 0.74156 0.67063 16,568 0.01880 
16.0 0,65545 0.75499 13.631 0.01919 

Brass wire 

S RHOMG TAUMG SWRDB LOSS 

400 0,99904 0.03257 65.477 0,02943 
8,O 0,95023 0.31028 31.845 0.02799 

12,o 0 0 77345 0,63324 17,869 0.02791 
16.0 0 e 54484 0,83823 10.612 0.02270 
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A NEW CONCEPT I N  FENCE-GUIDE D E S I G N  

The fence guide i s  an H-guide with t h e  s o l i d  s i d e  w a l l s  re- 

placed by w i r e  g r i d s .  The s t r u c t u r e  i s  i l l u s t r a t e d  i n  Fig. 1. 

The p o s s i b i l i t y  t o  design m i l l i m e t e r  wave c i r c u i t r y  i n  t h e  form 

of a s h e e t  of dielectric material with t h e  pa th  of t h e  e l e c t r o -  

magnetic waves confined between t h e  w i r e  g r i d s  o f f e r s  a way of 

s i m p l i f i e d  production of c i r c u i t r y  i n  comparison with designs 

based on r ec t angu la r  waveguides. Simple production seems poss i -  

b l e  by p l ac ing  w i r e s  i n  an appropr ia te  ho lder ,  then forming t h e  

d i e l e c t r i c  s h e e t  by customary f a b r i c a t i o n  processes ,  and then 

removing t h e  w i r e  ho lder ,  

Preliminary measurement of t h e  characteristiics of a fence- 

guide model i nd ica t ed  some d i f f i c u l t i e s  p r imar i ly  i n  t h e  form 

of high a t t enua t ion  which had t o  be overcome before  a competi- 

t i v e  s t r u c t u r e  can be designed, As a f i rs t  s t e p r  a program w a s  

i n i t i a t e d  fo r  developing r e l a t i o n s h i p s  fo r  t h e  d e s c r i p t i o n  and 

ana lys i s  of  w i r e  g r i d s  f o r  fence-guide design. Measurements were 

carried o u t  t o  v e r i f y  the  v a l i d i t y  of t h e  der ived  equat ions.  I t  

w a s  found t h a t  a modif icat ion of the  familiar equat ions f o r  t h e  

su r face  impedance of  thin-wire g r i d s  l e d  t o  r e l a t i o n s h i p s  which 

are a l s o  v a l i d  fo r  grids with t h i c k  w i r e s  t y p i c a l  for  the fence 

guide,  Recent r e s u l t s  of measurements of t h e  c h a r a c t e r i s t i c s  of 

thick w i r e  g r i d s  are presented  i n  t h i s  r epor t .  The r e l a t i o n s h i p s  

can now be used for  t h e  determinat ion of optimized parameters of 

an advanced prototype fence guide. 
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One of the unfavorable c h a r a c t e r i s t i c s  -observed i n  t h e  s tudy 

of t h e  prel iminary fence-guide model w a s  t h e  rather high at tenua-  

t i o n ,  This can be  a t t r i b u t e d  i n  p a r t  t o  t h e  prel iminary design,  

i n  which rather t h i n  w i r e s  w e r e  used f o r  t he  g r id .  By t h e  use 

of t h i c k  w i r e s ,  a cons iderable  reduct ion of t h e  losses can be 

obtained,  Radiation and leakage of power through the  w i r e  g r i d s ,  

however8 is always p resen t  i n  t he  case of t h e  customary design. 

A new design concept is being formulated a t  p re sen t  t o  reduce 

t h e  r a d i a t i o n  l o s s e s  t o  a minimum. Derivat ion of t h e  r e l a t i o n -  

sh ips  presented  on pages 1 2  t o  1 4  of t he  preceding Progress  

Report’ l e d  t o  t h i s  concept. 

The r e l a t i o n s h i p  from which t h e  new concept evolved i s  t h a t  

which describes t h e  su r face  impedance of w i r e  g r i d s ,  Z s  used as  

the  side w a l l s  of the  fence guide [Eq, ( 2 1 ) ] ,  The impedance is 

given by 

- zw 
zs - 1 +- (Zw/Zo) cos e 

where Zw is t h e  shunt  impedance of t h e  lossy  w i r e  g r i d ,  def ined 

on page 32 of this r e p o r t 8  Zo i s  t h e  free-space impedance and 

cos 0 is related t o  the  guide wavelength of t h e  fence guide by 

cos e =d 1 - 

The angle  0 is t h e  angle  a g a i n s t  t h e  normal t o  the g r i d  su r face  

under which t h e  waves l eak ing  through t h e  g r i d  are radiated i n t o  

the o u t e r  region,  

w i th in  the guide i n  l o n g i t u d i n a l  d i r e c t i o n  and ko is  t h e  corres- 

ponding cons t an t  o u t s i d e  i n  the d i r e c t i o n  of t h e  propagating waves. 

The cons t an t  kZ i s  the propagation cons t an t  
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Since it is d e s i r a b l e  t o  make t h e  su r face  impedance of t h e  

side w a l l s  as s m a l l  as poss ib l e ,  t h i s  g o a l  can be achieved by 

reducing t h e  shunt  impedance of t h e  w i r e  g r i d  Zw and by reducing 

cos Q, Increase  of t h e  w i r e  diameter and decrease of spacing 

between t h e  wires accomplishes t h e  former reduct ion.  The reduc- 

t i o n  of cos 9, which i n  t h e  c e n t e r  of t h e  t ransmission band of 

waveguides has  a value of about 0 - 9 5 ,  can be obtained by reducing 

the  propagation cons tan t ,  kZ 

w i l l  thus a l s o  reduce Zs and t h e  l o s s e s  i n  t h e  guide. 

Measures f o r  reducing t h i s  quan t i ty  

For kZ = 

cos 8 becomes 0 and no r a d i a t i o n  occurso  I f  kZ is l a r g e r  

than ko, so-ca l led  " i n v i s i b l e  r a d i a t i o n "  occurs  and the  f i e l d  

d i s t r i b u t i o n  has the  form of  non-radiat ing su r face  waves. The 

new concept of fence-guide design is  based on at tempts  t o  lower 

t h e  guide l o s s e s  by reducing t h e  propagation cons tan t ,  k Z e  

kO' 

The following measures can be used f o r  t h e  reduct ion of kZ: 

lo Increase  of t h e  guide width above t h e  value of 

s tandard  waveguides 

2, Applfcation of d i e l e c t r i c  loading wi th in  t h e  

guide,  

3 ,  Reduction of t h e  d i e l e c t r i c - s l a b  th ickness  out- 

side t h e  guide,  

An i nc rease  of w i d t h  of the guide is permissible .  However, it 

is limited by t h e  p o s s i b i l i t y  of genera t ion  of higher-order 

modes i n  t h e  case of d i s c o n t i n u i t i e s  and i n  components, 

The app l i ca t ion  of dielectric loading of t h e  fence guide 

seems to  be a t  p r e s e n t  t h e  most promising method of r a d i a t i o n  
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reduct ion,  Severa l  approaches are p o s s i b l e  fo r  such loading. 

Three examples are shown i n  Fig. 2. Figure l a  i l l u s t r a t e s  the 

method of having t h e  th ickness  of t h e  dielectric s l a b  increased  

wi th in  the  guide,  This can be  combined with method N o .  3 of 

t h e  above l ist .  In t roduct ion  of r idges  of t h e  d i e l e c t r i c  slab 

i n  the c e n t e r  of t h e  guide is shown i n  F igo  2cc. This  method 

may have a d d i t i o n a l  advantages by c r e a t i n g  a f i e l d  d i s t r i b u t i o n  

wi th in  t h e  guide which a d d i t i o n a l l y  may reduce r a d i a t i o n  through 

t h e  g r i d .  Lamination of t h e  slab i n  t h e  fence guide wi th  re- 

duced th ickness  o u t s i d e  t h e  guide o r  add i t ion  of s l a b s  wi th in  

the  guide r ep resen t s  a t h i r d  example which a l s o  may be combined 

with method No. 3 of t h e  above l i s t .  

I t  seems thus  t h a t  t h e  proposed concept of fence-guide 

design promises t o  reduce the  l o s s e s  of  this guide t o  approach 

values  t y p i c a l  f o r  H-guides with s o l i d  walls, where Zs is repre- 

sen ted  by t h e  i n t r i n s i c  su r face  impedance of t h e  material of the  

so l id  w a l l s .  Fur ther  numerical cons idera t ions  of t h e  proposed 

s t r u c t u r e s  w i l l  be necessary before  t h e  p r i n c i p l e  can be appl ied  

f o r  t h e  design of an optimized guide, 
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Fig. 2 Low-leakage fence-guide cross s e c t i o n s  
(a)  Increased i n t e r n a l  slab th ickness  
(b) Multiple-slab guide 
(c) Cen t ra l ly  dielectric-loaded guide 
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H-GUIDE WAVELENGTH AND ATTENUATION 

Abstract 

Previously der ived  equat ions for  t h e  a t t enua t ion  cons tan ts  

and guide wavelength of a dielectric H-guide were modified and 

normalized t o  ob ta in  more genera l  and i n  p a r t  frequency indepen- 

dent  r e l a t i o n s h i p s .  The r e s u l t s  are given i n  terms of t h e  d i -  

e lectr ic  slab th ickness  and p l a t e  s epa ra t ion  expressed as frac- 

t i o n s  of t he  wavelength, of  t h e  medium p r o p e r t i e s  of t h e  dielec- 

t r i c  s l a b  given by and of t h e  w a l l  conduct iv i ty  represented  

by t h e  su r face  r e s i s t a n c e  Rse 

malized guide wavelength, t o t a l  a t t enua t ion ,  w a l l  a t t enua t ion ,  

and d i d e c t r i c  a t t e n u a t i o n  as a func t ion  of dielectr ic  s l a b  

thickness  wi th  p l a t e  s epa ra t ion  as a parameter, 

Graphs a r e  presented showing nor- 
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In t roduc t ion  

The presented equat ions are based on r e l a t i o n s h i p s  der ived 

a t  t he  beginning of  t h e  g r a n t  per iod  publ ished i n  p a r t  i n  pre- 

vious r e p o r t s  113. 

Previous work gave curves of t h e  a t t enua t ion  cons t an t  as 

a funct ion of the r e l a t i v e  p e r m i t t i v i t y  f o r  t h e  H-guide a t  10 .0  

GHz wi th  t h e  normalized exponent ia l  decay cons tan t ,  p ,  as a 

parameter, A more use fu l  set  of curves might be a p l o t  of a t tenu-  

a t i o n  cons tan t  vs. dielectric th ickness  fo r  a p a r t i c u l a r  dielec- 

t r i c  cons tan t ,  Necessary c a l c u l a t i o n s  t o  ob ta in  such curves also 

y i e l d  t h e  guide wavelength so t h a t  curves of t h e  guide wavelength 

vs. d i e l e c t r i c  s l a b  th ickness  may also be p l o t t e d .  

A genera l  s o l u t i o n  independant of frequency would be  conven- 

i e n t ,  Howeverp t h e  a t t enua t ion  curves are necessa r i ly  funct ions 

of frequency and such s o l u t i o n s  are n o t  poss ib l e .  I n  t h e  case 

of guide wavelength, t h i s  approach can be used, by normalizing 

the dimensions and t h e  guide wavelength w i t h  r e spec t  t o  free 

space wavelength, The development which follows is formulated 

i n  t h i s  manner. 

Derivat ions of t h e  Equations 

The following equat ions are neeaed. (Equation numbers are 

taken from the reference . )  

2 + k  2 + k Z = ~ r k o  2 2 
kX Y 

k = R/b 
Y 

(5.14) 

(5 15) 
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F i g .  1 H-guide dimensions and coordinate system 
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2 2 ko = W PoEo 

2 2 
+ kZ kO X Y 

2 = - a 2 + k  

E a = kx t a n  (kxa) r x  

2 2 a  2 
h2 = kx + & r  x 

2 
1 ko H = ah 
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(5.16) 

(5.29) 

(5.38) 

(5 * 47) 

(5 * 77) 

(5.78) 

(5.84) 

(5.85) 

(5,88) a -  
2 b -  

(1 + p [ H p  + E ( E  -1)] r x  

The d e f i n i t i o n  of the coordinate  system and dimensions i s  

given i n  Fig,  1, The o t h e r  v a r i a b l e s  are def ined  as follows. 
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kx,  ky, kZ = sepa ra t ion  cons tan ts  f o r  the wave equat ion i n  

t h e  dielectric region ( 1x1 < a ) .  

- 
ko - 
E =  r 
a =  

X 

cons tan t ,  

1- axxl 

free space wave number = w 

r e l a t i v e  dielectric cons tan t  of slab 

exponent ia l  decay cons t an t  i n  a i r  region (separa t ion  

Fields vary with x i n  t h i s  region as exp 1x1 > a ) .  

t r i c  

p = normalized decay cons t an t  

q = normalized y-d i rec t ion  sepa ra t ion  cons tan t  

t a n  ( 6 )  = loss tangent  of dielectric 

Rs = su r face  r e s i s t i v i t y  of t h e  metall ic w a l l s  

a = a t t e n u a t i o n  cons tan t  due to  losses i n  dielectric d 

= a t t enua t ion  cons tan t  due t o  l o s s e s  i n  walls i n  dielec- 

region 

aa = a t t e n u a t i o n  cons tan t  due t o  losses i n  w a l l s  i h  a i r  

region,  

Defining t w o  new parameters,  

r = kx/ko 

and 

s = k, /kO = X o  /lg 

w e  s impl i fy  (5.14) t o  

2 2 
r + q 2 + s  = E  r 
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r 

and (5,299 t o  

2 2 -p * q2 * s = 1. 

= E  - 1  r 1 2 t a n  (kora) 
2 14- 

E r - 

combining ( 3 )  and ( 4 )  y i e l d s  

2 2 
r l + p  = E  - r  I 

and (5,389 becomes 

E p =  r tan  (ko r a) . r 

Hence, (59 and (6) y i e l d  

2 r2 tan  (kora) 

r 
2 p2 5 

E 

2 
= E  - 1 - r  r 

(5)  

Normalizing t h e  dimensions with r e s p e c t  t o  t h e  free space wave- 

length,  w e  de f ine  

a '  = 2a/  X 

and 

b' = b/ X 

thus 

. r a = n a ' r  2n  kora = - x 

(9 9 
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and 

Also, (5.16) implies  

and hence 

2 2  
h2 = ko2 (r2 + E r p ) . 

Thus I 

2 2  H = ako (r2 + E r p ) 

2 2  = n a ’  ( r  2 + P 

W e  no te  also from (49 t h a t  

2 2 2 s = l + p  - q  . 

Summarized Calcula t ion  Procedure 

From t h i s  development, w e  can summarize a procedure f o r  

determining t h e  normalized guide wavelength (1 1 Xo) 8 and the 

a t t enua t ion  cons t an t  for  a given conf igura t ion  and frequency. 

W e  assume t h a t  a, b ,  1 , E r ,  Rso, and t a n  ( 6 )  are known, where 

g 

-7 n- , Rs - - Rso X 10 

t he  su r face  r e s i s t i v i t y  of the w a l l s  a t  t he  frequency f .  

Then w e  proceed with 

(12 )  1 
9 = 2 b ”  I 
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and 

Then w e  so lve  t h e  t ranscendenta l  equat ion 

2 
= E  - 1  r 

t a n  ( r a ' r )  (179 

for t h e  parameter r. T h i s  allows t h e  computation of X /A from 
4 

or from 

s = - \ i l + p  2 - q  2 . 

Since  

8 = 2 n f  / 3 x 10 
kO 

and 

-\I = 1 2 0 r  ' 
and 

w e  have 

m- e 

Rs - Rso 
8 

b ' x  3x10 . 120n 

(39 

( 4 )  
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10-l~ - f 3/2 
360n RS - Rso 

77 
b p  0 

W e  can then r e w r i t e  (5.859, (5.889, (5.90) as 

Computed Resul ts  

Curves for  t o t a l  a t t enua t ion  cons tan t  

a =a + ab + Old a 

as a funct ion of dielectr ic  s l a b  th ickness  with p l a t e  s epa ra t ion  

as a parameter were obtained using a d i g i t a l  computer and a 

p l o t t e r .  S imi l a r ly  , curves of  normalized guide wavelength fo r  

t h e  same guides. Plate sepa ra t ions  va r i ed  from 0.5% t o  2.31 and 

dielectric slab th ickness  varied f r o m  0.01 t o  0.9751. Thus, t he  

range of values  for  p is  from 0 t o  0.5 for  Eccofoam ( E ~  = 1.4, 

t a n  ( 6 )  = 4 x low3), f r o m  0 t o  1.1 for  Rexol i te  (zr  = 2.53, 

t a n  (6) = 6.6 x and f r o m  0 t o  2-2 for a hypothe t ica l  

dielectric (zr = 6.0 ,  t a n  ( 6 )  = 5 x Hence, w i t h  an H-guide 
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of t o t a l  h e i g h t  2 A ,  a t  t h e  maximum th ickness  of t h e  d i e l e c t r i c  

(p i s  independent of p l a t e  s epa ra t ion )  t h e  decay of t h e  f i e l d s  

can be determined as follows. Since 

a 
(5.77) X 

P = -  
kO 

and s i n c e  ax i s  i n  nepers p e r  meter and k 

meter, then p r ep resen t s  t h e  decay of t h e  f i e l d  i n  nepers p e r  

radian,  Since t h e r e  are 27r rad ians  i n  one wavelength, t h e  t o t a l  

decay i n  nepers can be obtained by mul t ip ly ing  p by 27r t i m e s  t h e  

number of wavelengths i n  t h e  he igh t  (from t h e  dielectr ic  to  the  

is  i n  rad ians  p e r  
0 

edge of t h e  p l a t e  s)  i n  wavelengths. Thus, fo r  a t o t a l  he igh t  

of 2 A w e  have t o t a l  decay i n  nepers for  Eccofoam as 3.14, for  

Rexolfte as 6e9, and f o r  t h e  hypothe t ica l  d ie lectr ic  as 13.8. 

To ob ta in  t h e  decay, w e  raise t h e  Napierian base e t o  t h e  nega- 

t i v e  of these  f i g u r e s  so t h a t  f o r  Eccofoam w e  have a decay of 

.043, f o r  Rexol i te  . 0 O l f  and for  t h e  dielectric t h e  r a t i o  i s  

e s s e n t i a l l y  zero. 

The curves showing t h e  normalized guide wavelength and t h e  

a t t enua t ion  cons tan ts  vs.  a' a r e  given i n  Figures  2 and 3 ? respec- 

t i v e l y ,  I n  add i t ion?  sepa ra t e  curves of w a l l  losses and dielec- 

t r i c  l o s s e s  are given. 
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2.23 1.89 1.56 1.23 
Guide Wavelength 
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w 
0 

a 
a, 
N 



0.936 0.708 0 . 470 0.238 0,00576 
Wall Loss ( N e p / M )  x 10-1 
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I I I I 

4 . 9 4  3.71 2 .47  1.23 
Dielectric Lass ( N e p e r / M )  x lo-' 
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0.936 0.706 0.470 0,237 
I -O 
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Wall loss (Nep/M) x 10-I 
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Dielectric loss ( N e p / M )  
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Program for  Data Evaluation 

DHGYD #2 

> STOP 
=O 0 

I -  
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

Ib 1 

(5 .78)  
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SOLVE TRANSCENDENTAL 
EQUATION FOR R = kx/ko 

CALCULATE 
s = kz/ko# P = ax/ko 

WRITE 
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Computer Program for the Determination 
of Guide Wavelength and Attenuation 

OPTIONS - NAME= DHG#3,0PT~02,LINECNT=56,SOURCE~EBCDIC~NOLIST 
NODECK, LOAD, MAP, N 
C DIELECTRIC H-GUIDE DHGYD#3 
C GRAPHS ATTENUATION AND GUIDE WAVELENGTH VS. SLAB THICmESS 
C PROGRAM IDENTICAL TO DHGYD#2 EXCEPT FOR I/o 

IMPLICIT REPU;*8(A-H,L,O-Z) 
REAL EPStXf(40) ,X2 (40) ,X3(40) ,X4 (40) ,X5 (40) ,X6 (40) I * Y1(40) ,Y2 (40) ,Y3 (40) ,Y4 (40) ,Y5 (40) ,Y6 (40) * Y%(40) ,Y8(40) ,Y9(40) ,Y10(40) ,Y11(40) ,Y12(40) 

C 

C 

C 
C 
C 
C 
C 
C 
C 
C 

1 

2 

C 
C 
3 

C 
C 
C 

C 
C 

C 
C 

C 
C 

REAL"8 wNAME(2) 
EXTERNAL FCT 
COMMON APR,ER,PI 
PI=3.141592653589793 
GRAPH DIMENSIONS 

CALL SIZE ( 6  e 5,4 e 5 1 
READ DATA 

READ ( 1 10 1) F , ER TANDL , R SO, ITEST , ( ANAME ( I 1 , I= 1,2 ) 
IDENTIFICATION OF VARIABLES : 
F=FREQUENCY (HZ 1 
ER=RELAT IVE PERMITTIVITY 
TANDL=LOSS TANGENT 
RSO=SURFACE RESISTIVITY 

ITEST=INDEX TO MARK END OF DATA (ITEST=O MEANS END OF DATA) 
(TO BE MULTIPLIED BY 1. E-7"SQRT (F) ) 

TEST FOR END OF DATA 
IF (ITEST) 3,2,3 

CALL EXIT 
CALL PICSIZ(O.,O.) 

BEGIN DO LOOP e PLATE SEPARATION (BPR=B/LA.MBDA) VARIES 
0.55 TO 2.3 BY 0.35"LAMBDA 

DO PO01 I=1,6 
BPR=O, 55+0,35* (1-1) 
FIND Q=KY/KO : 
KY=SEPARATION CONSTANT ACROSS GUIDE (=PI/B) 
KO=FREE SPACE PROPAGATION CONSTANT (=OMEGA/C) 

INITIALIZE INDEX: USED TO DETERMINE NUMBER OF POINTS 
IN EACH CURVE AND FOR SUBSCRIPTS IN ARRAYS, 

BEGIN DO LOOP. DIELECTRIC SLAB THICKNESS (APR=2*A/LAMBDA) 

Q=Pe/(2.*BPR] 

JJ=O 

VARIES 0.0 TO 0.975 BY 0.025"LAMBDA 
DO 1001 5=1,40 
APR=O,O25* (J-1) 
SOLVE TRANSCENDENTAL EQUATION FOR R=KX/KO. 
KX=SEPARATION CONSTANT WITHIN DIELECTRIC, 

IF (APR) Pl,LO,XI 
10 R=DSQRT (ER-1. DO) 
GO TO 7 
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3.1 m1-0 
RRI=1. /  ( 4 ,  *APR) 
EPS=P ., E-6 

4 CALL DRIMI (R,  R O , F C T , m I ,  RRI  ,EPS  , 1008 , I E R )  
I F  ( IER-1)  7,5,6 

C SOLUTION NOT FOUND WITHIN L E - 6  AFTER 1000 ITBRATIONS, 
C INCREASE TOLERANCE AND TRY AGAIN, 

5 EPS=EPS*5,  
GO TO 4 

C SOLUTION L I E S  TO RIGHT OF RRI .  
C MOVE RIGHT L I M I T  HALF-WAY TOWARD SINGULARITY AND TRY AGAIN, 

6 RRI=RRP+ ( ( 1 / ( 2 "APR) - R a  ) /2  1 
GO TO 4 

C R DETERMINEDa TEST FOR OPERATION BELOW CUTOFF. 
7 ARG = ER-R*R-Q*Q 

IF (ARGI 8 p 8 p 9  
C BELOW CUTOFF, INCREASE JJ BY 1 TO INDICATE THIS POINT 
C WILE NOT BE PLOTTED. 

8 JJ=JJ+1 
GO TO PO01 

C ABOVE CUTOFF. CALCULATE S=KZ/KO. 

C 1/S= (GUIDE WAVELENGTH) / (FREE SPACE WAVELENGTH) 
C KZ=PROPRGATION CONSTANT I N  GUIDE a 

9 S=DSQRT (ARG) 
I F  (APRJ 1 3 p 1 2 9 1 3  

GO TO 94 
12 P=O.O 

C DETERMINE NORMALIZED DECAY CONSTANT. PzALPHA-X/KO. 
C ALPHA-X=EXPONENTIAL DECAY CONSTANT I N  AIR.  

C PROGRAMMING AIDS 
13 P=DSQRT (Q*Q+S*S-1,DO) 

14 H=PI*APR* (R*R+ER*ER*P*P) 
AA=RSO*F*DSQRT ( F )  *ER/lm8D17/PI/BPR*Q*Q/ ( l ,DO+P*P)  / 

BB=AA*2 E DO 
* (H*P+ER* (ER-1. DO) ) /S 

C CALCULATE ATTENUATION CONSTANTS (NEPERS PER METER) 
C WALL LOSSES,  A I R  REGION 

ALPHA=AA* (ER-l.DO-P*P) 
C WALL LOSSES,DIELECTRIC REGION 

ALPHA=AA*P * (H+ER*P) 
C DIELECTRIC LOSSES 

aLPHD=TANDL*PI*F*ER*P* (H*P+P* (2.DO-ER+2,DO*P*P) ) /  
* ( 3 . ~ 8 * s *  (H+ER* ( E R = L D O ) ) )  

C WALL LOSSES 

C DIELECTRIC LOSSES 

C STORE ARRAYS FOR GRAPHING 

ALPHT=ALP HA9ALP HB 

LDGOL=ALP HD 

GO TO ( 5 1 9 5 2 , 5 3 , 5 4 , 5 5 , 5 6 9  ,I  
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51 

52 

53 

54 

55 

56 

100l 
C 

X1 (J-JJ]=APR 
Y1 (J-JJ)=ALPHT 

N 9.~4 0 - JJ 
GO TO 1009. 

Y2 (J-JJ)=ALPHT 
Y 8 (J- JJ) =LDGOL 
N2=40-JJ 
GO TO 1009. 
X3 (J- JJ CAP R 
Y3 (J-JJ)=ALPHT 
Y9 (J-JJ)=LDGOL 
N3=40-JJ 
GO TO 1001 

Y4 (J-JJ)=ALPHT 
Y10 (J-JJ)=LDGOL 
N4-340- JJ 
GO TO 1001 
X5 (J-JJ)=A??R 
Y5 (9-JJ)=ALPHT 
Y 11 [ J- JJ) =LDGOL 
N5=40-JJ 
GO TO 10091 
X6 (J-JJ]=APR 
Y6 (J-JJ)=ALPHT 
Y12 (J-JJ)=LDGOL 
N6=40-JJ 
CONTINUE 

CALL LABEL ( '2*A/LAMBDA ' 8 'WALL LOSS (NEP/M) ' ,ANAME (1) 1 
CALL GRAPH (XI, Y 1, N 1 X2 P2 N2 X 3, Y 3, N 3 p X4 Y 47N 4 X5, Y 5 ,N 5 , 
CALL LABEL ( '  2*A/LAMBDA ' I 'DIELECTRIC LOSS (NEP/M) - ' ,ANAME (2) 1 
CALL GRAPH (XI ,Y 7 ,N1 ,X27Y 8 ,N2, X3, Y9 ,N3, 

~7 (J-JJ)=LDGOL 

x2 (J-JJ)=APR 

x4 (J-JJ)=APR 

SET UP TITLE AND AXIS LABELS, AND DRAW TWO GRAPHS. 

X6,Y6,N6) 

Ik X4,YlQ,N4,X5,Yll,N5,X6,Y12,N6) 
C RETURN FOR NEW DATA 

GO TO 1 
101 FORMAT (403.0 0 O ,I2,2 (2XcA8) ) 
PO2 FORMAT('1','N0.PTS.=',13/80','X (2*A/LAMBDA)', 

103 FORMAT(' ',3(D15.8,2X)) 
*5X, 'Y(ALPHA) ' ,9X, 'Y (LAMBDA) ' / I  

END 


