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PROPAGATION CHARACTERISTICS OF SOME NOVEL COPLANAR WAVEGUIDE TRANSMISSION 

LINES ON GaAs AT MM-WAVE FREQUENCIES 
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Na t iona l  Aeronautics and Space Admin i s t ra t i on  

Lewis Research Center 
Cleveland, Ohio 4 4 1 3 5  

SUMMARY 

Three new Coplanar Waveguide ( C P W )  t ransmiss ion  l i n e s ,  namely, Suspended 
CPW (SCPW), S t r i p l i n e - l i k e  Suspended CPW (SSCPW) and I n v e r t e d  CPW ( I C P W ) ,  
a r e  proposed and a l s o  analyzed f o r  t h e i r  propagat ion c h a r a c t e r i s t i c s  f o r  t he  
very  f i r s t  t ime.  The subs t ra te  thickness, p e r m i t t i v i t y  and dimensions o f  
housing a r e  assumed t o  be a r b i t r a r y .  

These s t r u c t u r e s  have the  fo l l ow ing  advantages over convent ional  CPW. 
F i r s t l y ,  t h e  r a t i o  of guide wavelength t o  f r e e  space wavelength i s  c l o s e r  t o  
u n i t y  which r e s u l t s  i n  l a r g e r  dimensions and hence lower to lerances. Sec- 
ondly,  t he  e f f e c t i v e  d i e l e c t r i c  constant i s  lower and hence the  electromag- 
n e t i c  f i e l d  energies a r e  concentrated more i n  the  a i r  regions which should 
lower the  a t tenua t ion .  T h i r d l y ,  f o r  a p rescr ibed impedance l e v e l ,  t h e  above 
s t r u c t u r e s  have a wider s l o t  w i d t h  f o r  I d e n t i c a l  s t r i p  w id th .  Thus low 
impedance l i n e s  can be achieved w i t h  reasonable s l o t  dimensions. Four th l y ,  
i n  an i n v e r t e d  CPW shunt mounting of a c t i v e  devlces, such as Gunn and I M P A l T  
diodes, between the  s t r i p  and the  metal t rough I s  poss ib le .  Th is  f e a t u r e  
f u r t h e r  enhances t h e  a t t r a c t i v e n e s s  o f  t he  above s t ruc tu res .  L a s t l y ,  an 
E-plane probe type t r a n s i t i o n  from a rec tangu lar  waveguide t o  suspended CPW 
can a l s o  be e a s i l y  rea l i zed .  
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The computed r e s u l t s  f o r  GaAs a t  Ka-band I l l u s t r a t e  t h e  v a r i a t i o n  o f  
normal lzed guide wavelength, e f f e c t i v e  d i e l e c t r i c  constant and the  charac- 
t e r i s t i c  impedance as a f u n c t i o n  o f  t h e  ( a )  frequency; ( b )  d i s tance  o f  sep- 
a r a t i o n  between the  trough s ide  wa l ls ;  ( c )  normalized s t r l p  and s l o t  widths;  
and l a s t l y  (d )  normalized a i r  gap. 

I .  I N l R O D U C l  I O N  

The convent iona l  Coplanar Waveguide (CPW) on alumina subs t ra te  ( r e f .  1 )  
i s  i d e a l l y  s u i t e d  f o r  M I C  Components, such as FET a m p l i f i e r s  ( r e f s .  2 and 3)  
and balanced mixers ( r e f .  4 ) .  7-he Conductor Backed Coplanar Waveguide (CSCPW) 
on GaAs subs t ra te  ( r e f .  5)  i s  su i ted  f o r  MMICs, where the  a d d i t i o n a l  ground 
p lane n o t  o n l y  ac ts  as an e f f i c i e n t  heat  s ink  bu t  a l s o  provides mechanical 
si ipport t o  t h e  t h i n  and f r a g i l e  substrate.  

Th is  paper presents t h r e e  new Coplanar Waveguide s t ruc tu res ,  namely, Sus- 
pended Coplanar Waveguide (SCPW), S t r l p l i n e - l i k e  Suspended Coplanar Waveguide 
(SSCPW), and I n v e r t e d  Coplanar Waveguide ( I C P W )  and t h e i r  computed propagat ion  
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parameters, namely, t he  normal ized gulde wavelength A ' / A ,  where A i s  t he  
f r e e  space wavelength, e f f e c t i v e  d i e l e c t r i c  constant  
impedance Z o .  
i n  f i g u r e  l ( a )  t o  ( e ) .  
F i r s t l y ,  t he  r a t i o  o f  guide wavelength t o  f r e e  space wavelength i s  c l o s e r  t o  
u n i t y .  Hence, c i r c u i t  dimensions would be l a r g e r ,  which would ease f a b r i c a t i o n  
to lerances a t  mm-wave f requencies.  Secondly, t he  e f f e c t i v e  d i e l e c t r i c  constant  
i s  lower and hence the  electromagnet ic f i e l d  energies a r e  concentrated more i n  
the a i r  regions which should lower a t t e n u a t i o n .  
impedance l e v e l ,  the above s t r u c t u r e s  have a wider s l o t  w i d t h  f o r  i d e n t i c a l  
s t r i p  w id th .  Thus low lrnpedance l i n e s  can be achieved w i t h  reasonable s l o t  
dimensions. Four th ly ,  i n  an ICPW shunt mounting o f  a c t i v e  devices,  such as 
Gunn and I M P A T T  diodes, between the s t r i p  conductor and the  metal  t rough i s  
poss ib le .  L a s t l y ,  an E-plane probe-type t r a n s i t i o n  f rom a rec tangu la r  wave- 
guide t o  SCPW can a l s o  be e a s i l y  r e a l i z e d .  

The above s t ruc tu res  a r e  analyzed us ing  Cohn's technique ( r e f .  6 )  which 
has been extended by the author  t o  handle sh ie lded s l o t - l i n e s ,  coupled s l o t -  
l i n e s ,  f i n - l i n e s ,  and CPW t ransmiss ion l i n e s  ( r e f s .  7 t o  9 ) .  The assumptions 
made a re  (a )  t h a t  t he  a i r  gap below the  subs t ra te  i s  o f  a r b i t r a r y  he igh t ;  (b )  
the d i e l e c t r i c  subst rate i s  i s o t r o p i c ,  homogeneous; and o f  a r b i t r a r y  th ickness 
and r e l a t i v e  p e r m ' i t t i v i t y ,  ( c )  the conduct ing ground plane and the zero 
th ickness m e t a l l z a t l o n  on t h e  subs t ra te  has i n f i n i t e  c o n d u c t i v i t y .  An a t t r a c  
t f v e  f e a t u r e  o f  t h i s  ana lys i s  i s  t h a t  i t  i s  p o s s i b l e  t o  model t he  conventlona 
CPW o r  the CBCPW by a l l o w i n g  the  a l rgap  h e i g h t  t o  ap.proach i n f i n i t y  o r  zero 
r e s p e c t i v e l y ,  w i thou t  causing numerical problems o r  i nc reas ing  computing t ime  

t e f f ,  and c h a r a c t e r i s t i c  
The gener ic cross s e c t i o n  of these s t r u c t u r e s  a r e  depic ted 

These s t r u c t u r e s  have t h e  f o l l o w i n g  advantages. 

T h i r d l y ,  f o r  a p resc r ibed  

11. ANALYSIS 

A schematic diagram o f  the Coplanar Waveguide s t r u c t u r e s  t o  be analyzed 
i s  shown i n  f i g u r e  l ( a )  t o  ( e ) .  These Coplanar Waveguide s t r u c t u r e s  support  
the odd mode o f  an edge coupled s l o t  l i n e .  The odd-mode e l e c t r i c  and magnetic 
f i e l d  components are i l l u s t r a t e d  i n  re ference 10. From these i l l u s t r a t i o n s  i t  
i s  c l e a r  t h a t  a magnetic w a l l  can be placed a t  t he  plane o f  symmetry and t h e  
r i g h t  h a l f  o f  the s t r u c t u r e  i s o l a t e d .  The equations f o r  computing the propa- 
g a t i o n  parameters a r e  der ived f r o m  those presented i n  re ference 8. The t o t a l  
susceptance V B t  a t  the plane o f  the s l o t  f o r  the SSCPW i s  
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By rep lac ing  co th  (mnFnH/B) 'by 1 i n  equat ion ( 1 )  t h e  express ion f o r  
t he  SCPW i n  obtained, and by rep lac ing  

nBt f o r  

by 1 i n  equat ions ( 4 )  and ( 5 )  t h e  express ion f o r  nBt 

(2n2t ').r,(n - D )  

6 co th  

f o r  t he  ICPW i n  obtained. F i n a l l y ,  t he  expression f o r  a6 t  f o r  a convent ional  
CPW i s  obta ined by rep lac ing  co th  (WFnH/B) i n  equat ion (1) and a l s o  

i n  equat ions ( 4 )  and ( 5 )  by 1. 
(Zn2* ') nFn(H - D) 

6 co th  

I n  the  case of a CBCPW, COth(mWFnH/B) should be rep laced by 1 and 
equat ion ( 3 )  gets mod i f ied  t o  

Mn = 2 
-U 

The equat ion f o r  n 6 t  
re fe rence 6 t o  ob ta in  h'/A, teff, and Z o .  

i s  then solved us ing  the  procedure o u t l i n e d  i n  

111. NUMERICAL RESULTS AND DISCUSSIONS 

A. Propagat ion Parameters 

Conventional Coplanar Waveguide ( C P W ) .  - The computed A 1 / A ,  t e f f ,  
and Zo and a func t ion  o f  the  frequency and a l s o  as a f u n c t i o n  o f  the  d i s -  
tance o f  separat ion between the  s ide  e l e c t r i c  w a l l s  (26) a re  presented i n  f i g -  
ures 2 and 3 respec t i ve l y .  F igure  2 shows t h a t  f o r  smal l  normal ized s t r i p  and 
s l o t  w id ths ,  t y p l c a l l y  S/D = 0.25 and W/D = 0.10, A ' A ,  Eef f ,  and 2, a re  
almost constant  as t he  frequency va r ies  f rom 26.5 t o  40.0 GHz. However, f o r  
l a r g e  S/D and W / D  r a t i o s ,  t y p i c a l l y  5.0 and 1.0 respec t i ve l y ,  ?,'/A decreases 
by 1 . 5  percent ,  t e f f  increases by 3.0 percent ,  and Zo increases by 
5.0 percent  w i t h  frequency. F igure  3 shows t h a t  A'/h, teff, and Zo a r e  
constant  f o r  a l l  values o f  S/D and W/D r a t i o s ,  as 26 va r ies  f rom about 
0.125 i n .  t o  an Inch. The v a r i a t i o n  o f  A ' h ,  Eef f ,  and Zo w i t h  respect  t o  
frequency i n  f i g u r e  2 are  smal l  when compared w i t h  the dev ia t i ons  caused by 
f a b r i c a t i o n  to lerances alone. Hence, a l l  f u r t h e r  computations a r e  c a r r i e d  out  
a t  the  center  frequency o f  33 GHz and 26 equal t o  an inch .  F igu re  4 
presents  A ' / A  and Ceff as a f u n c t i o n  o f  W/D w i t h  S/D as a parameter. 
F igure  5 presents Z0 as a func t i on  o f  S t 2W w i t h  S/D and W/D as a 
parameters. The subs t ra te  th ickness D i s  assumed t o  be 100 urn. 

Conductor Backed Coplanar Waveguide (CBCPW). - The computed A ' / A  and 
Eef f ,  and a l s o  Zo, as a f u n c t i o n  o f  W/D w i t h  S/D as a parameter a re  
presented i n  f i gu res  6 and 7, r e s p e c t i v e l y .  The subs t ra te  th ickness D i s  assumed 
t o  be 150 um i n  both f i g u r e s  6 and 7. 
S/D, i s  observed t o  Initially increase w i t h  W/D and a t t a i n  a maximum. 

The computed Zo,  f o r  smal l  values o f  
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Fur the r  increase i n  W/D tends t o  decrease Zo.  Besldes, f o r  l a r g e  values 
of S/D, Zo i s  observed t o  be independent o f  W/D. An exp lana t ion  f o r  t h i s  
i s  because, f o r  small  values of S/D and W/D, t h e  f i e l d s  a r e  t i g h t l y  bound 
t o  t h e  v i c l n l t y  of the s t r i p  and wave propagat ion takes p lace  as i n  a conven- 
t i o n a l  s l o t - l i n e ,  w l t h  t h e  lower ground plane e x e r t i n g  n e g l i g i b l e  i n f l uence ,  
and hence Zo increases w i th  W/D. As W/D Increases t h e  upper ground 
planes begin t o  decouple and wave guid ing takes p lace  as i n  a convent lonal  
m i c r o s t r i p  between the  s t r i p  conductor and t h e  lower ground p lane and hence 
Z, decreases. 

Suspended Coplanar Waveguide (SCPWY. - The computed h ' / A ,  t e f f ,  and 
Zo as a f u n c t i o n  o f  W/D and w i t h  the normalized a i r  gap r a t i o  H/D as a 
parameter a re  presented f o r  f i x e d  S/D 
9 r e s p e c t i v e l y .  The subs t ra te  th lckness D i s  assumed t o  be 100 pm i n  both 
f l g u r e s  8 and 9.  F igure 8 shows tha t  f o r  small  S/D r a t i o  o f  0.25, A'/A 
increases by 1.2 percent,  E e f f  decreases by 2.4 percent,  and Zo decreases 
by 4 percent  when W/D = 1.0 and the H/D r a t i o  i s  decreased f rom i n f i n i t y  t o  
0.5. F igu re  9 shows t h a t  f o r  l a r g e  S/D r a t l o  o f  5.0, A'/A increases by 
5 percent,  Eeff decreases by 9 percent, and Zo decreases by 23 percent  when 
W/D = 1.0 and H/D r a t i o  i s  decreased from i n f i n i t y  t o  0.5. By comparing 
F igures 8 and 9 i t  i s  observed t h a t  t he  a i r  gap s i g n i f i c a n t l y  I n f l uences  the  
wave propagat ion on a SCPW w i t h  a wide s t r i p  conductor when the subs t ra te  
th ickness i s  100 pm. F lgure 10 I l l u s t r a t e s  the  c h a r a c t e r l s t i c s  when S/D = 2.0 
and a l s o  the  subs t ra te  th ickness I s  increased from 100 t o  250 pm. I t  i s  
observed t h a t  the a i r  gap p lays a very l n s l g n i f l c a n t  r o l e  and t y p i c a l l y  A'/A 
increases by 0.35 percent,  t e f f  
by 5.8 percent  when W/D = 1.0 and H/D I s  reduced f rom i n f i n l t y  t o  0.2. Thus 
by comparing F igs .  9 and 10 I t  i s  observed t h a t  when the subs t ra te  th ickness 
i s  increased from 100 t o  250 pm t he  e f f e c t  o f  t he  a i r  gap on the  wave propa- 
g a t i o n  1s .ve ry  smal l .  L a s t l y ,  f rom Figs.  8 and 9 i t  i s  observed t h a t  when 
H/D i s  equal t o  o r  greater  than 5.0, t he  i n f l u e n c e  o f  t h e  l o w e r  ground plane 
on t h e  propagat ion parameters I s  n e g l i g i b l e  and the  SCPW c h a r a c t e r l s t i c s  reduce 
t o  t h a t  o f  a convent lonal  CPW. 

r a t l o  o f  0.25 and 5.0 i n  f i g u r e s  8 and 

decreases by 0.7 percent and Zo decreases 

F igu re  11 presents A'/A and E e f f  as a f u n c t i o n  o f  W/D w i t h  S/D as 
a parameters. F lgure 12 presents 2, as a f u n c t i o n  o f  S t 2W w i t h  S/D and 
W/D as parameters. I n  these f i gu res  the H/D r a t i o  i s  f i x e d  and equal t o  
u n i t y  . 

S t r i p l i n e - l i k e  Suspended Coplanar Waveguide (SSCPW). - A'/A and t e f f  
as a f u n c t i o n  o f  W/D and Zo as a f u n c t i o n  o f  S t 2W a re  i l l u s t r a t e d  I n  
f i g u r e s  13 and 14 r e s p e c t i v e l y .  By comparing f l g u r e s  4 and 13 I t  i s  observed 
t h a t  t he  A ' / A  r a t i o  I s  c l ose r  t o  u n i t y  and teff I s  l o w e r  f o r  the SSCPW. 
l h l s  i s  advantageous, f i r s t l y ,  because c i r c u i t  dimensions would be l a r g e r  which 
i n  t u r n  would ease f a b r l c a t l o n a l  to lerances a t  mm-wave frequencies.  Secondly, 
more o f  t he  electromagnet ic f i e l d  would be concentrated i n  the  a i r  reglons 
which would l o w e r  t he  a t tenua t lon .  

I n v e r t e d  C o p l a n a r m e q u l a e  ( I C P w j .  - A'/A and Eeff as a f u n c t l o n  o f  
W/D and 
r e s p e c t i v e l y .  

Zo as a f u n c t i o n  o f  S + 2W a r e  i l l u s t r a t e d  i n  f i g u r e s  1 5  and 16 
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B. 50’0hms Transmission L i n e  Dimensions 

F igure  17  compares the  s t r i p  w id th  and t h e  corresponding s l o t  w i d t h  t h a t  
i s  r equ i red  f o r  r e a l i z i n g  50 Q convent ional  CPW, SCPW, SSCPW, and I C P W  t rans -  
miss ion  l i n e s  on 100 pm t h i c k  GaAs subs t ra te .  I t  i s  observed t h a t  t h e  sus- 
pended s t ruc tu res  namely; SCPW, SSCPW, and I C P W  r e q u i r e  a much wider  s l o t  w id th  
f o r  a g iven s t r i p  dimension, which i s  an advantage a t  mm-wave f requencies.  

CONCLUSION 

The paper presents th ree  new Suspended Coplanar Waveguide s t r u c t u r e s  
namely, SCPW, SSCPW, and I C P W  together  w i t h  t h e i r  propagat ion c h a r a c t e r i s t i c s .  
The propagat ion c h a r a c t e r i s t i c s  a re  g r a p h i c a l l y  i l l u s t r a t e d  as a f u n c t i o n  o f  
the s l o t  and s t r i p  widths,  subs t ra te  th ickness and p e r m i t t i v i t y ,  and the  h e i g h t  
o f  the a i r  gap. 

These s t ruc tu res  have the  f o l l o w i n g  advantages over convent ional  CPW. 
F i r s t l y ,  A ’ / A  I s  c l o s e r  t o  u n i t y  which r e s u l t s  i n  l a r g e r  dimensions and hence 
lower to lerances.  Secondly, teff i s  lower and hence the  e lect romagnet ic  
f i e l d  energies are concentrated more i n  the  a i r  reg ions which should lower the  
a t tenua t ion .  Th i rd l y ,  f o r  a p rescr ibed impedance l e v e l ,  t he  above s t r u c t u r e s  
have a wider  s l o t  w id th  f o r  i d e n t i c a l  s t r i p  w id th .  Thus low impedance l i n e s  
can be achieved wi th  reasonable s l o t  dimensions. 

An a t t r a c t i v e  fea tu re  o f  t he  I C P W  i s  t h a t  i t  i s  poss ib le  t o  shunt mount 
a c t i v e  dev ices,  such as, Gunn and IMPATT diodes between the  s t r i p  conductor 
and the  metal  trough. The metal  t rough a l s o  a c t i n g  as an e f f i c i e n t  heat  s ink .  
F i n a l l y ,  i t  i s  a lso  poss ib le  t o  cons t ruc t  an E-plane probe-type t r a n s i t i o n  
f rom a rec tangu lar  waveguide t o  SCPW which should f i n d  ex tens ive  a p p l i c a t i o n  
i n  the  t e s t i n g  o f  p lanar  a c t i v e  devices and a l s o  c i r c u i t s ,  such as, GaAs 
MESFETs and M M I C s  a t  mm-wave f requencies.  
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