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(57)  A  filter  for  an  electromagnetic  signal  is  for- 
med  of  a  set  of  planar  resonators  (38,40,42) 
preferably  of  superconductor  material,  in- 
terspersed  among  a  set  of  electrically  conduc- 
tive  sheets  (44,  46,54,  56)  outermost  ones  of  the 
sheets  (54,  56)  serving  as  ground  planes,  and 
the  inner  ones  of  the  sheets  (44,  46)  having 
irises  (48,50)  for  coupling  electromagnetic 
power  between  the  resonators.  The  resonators 
and  the  sheets  have  a  planar  shape,  are  parallel 
to  each  other,  and  are  stacked  one  upon  the 
other.  Dielectric  material  (58,60,62)  insulates 
and  serves  to  support  the  resonators  and  the 
sheets  in  their  respective  locations.  There  are  at 
least  two  resonators  in  the  set  of  resonators, 
and  at  least  one  inner  sheet  of  the  set  of  sheets. 
A  first  coupling  element  (70)  serves  to  couple  an 
electromagnetic  signal  to  a  resonator  (38)  of  the 
filter,  and  a  second  coupling  element  (72)  ser- 
ves  to  extract  an  electromagnetic  signal,  prefer- 
ably  from  another  of  the  resonators  (42).  The 
first  coupling  element  excites  in  a  first  of  the 
resonators  a  first  mode  of  electromagnetic  vib- 
ration  in  a  plane  defined  by  the  axis  and  a  point 
of  coupling  of  the  first  coupling  element.  Each 
of  the  resonators,  in  a  preferred  embodiment  of 
the  invention,  is  provided  with  a  perturbation, 
such  as  a  notch  (108)  or  a  tab  in  a  peripheral 
portion  of  the  resonator,  distant  from  the  plane 
and  from  a  coupling  point  for  inducing  a  sec- 
ond  mode  of  electromagnetic  vibration  perpen- 
dicular  to  the  first  mode,  thereby  to  provide  the 
function  of  a  multiple  pole  filter  with  half  the 
number  of  resonators. 

FIG.  2. 
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This  invention  relates  to  filters  of  electromagnetic 
signals,  such  as  microwave  signals,  wherein  the  filter 
provides  a  bandpass  function  characterized  by  a  mul- 
tiple-pole  transmission  band  and,  more  particularly, 
to  the  construction  of  a  filter  having  a  miniaturized 
configuration  wherein  a  plurality  of  resonators  of  pla- 
nar  form  are  stacked  one  above  the  other  to  provide 
for  plural  modes  of  electromagnetic  vibration  within  a 
single  resonator.  The  resonators  are  spaced  apart 
and  supported  by  dielectric  material  with  irises  dis- 
posed  between  the  resonators  for  coupling  electro- 
magnetic  power  among  the  resonators. 

Filters  are  employed  in  numerous  circuits  for  sig- 
nal  processing,  communication,  and  other  functions. 
Of  particular  interest  herein  are  circuits,  such  as 
those  which  may  be  constructed  on  a  printed  circuit 
board,  and  are  operable  at  microwave  frequencies, 
such  as  frequencies  in  the  gigahertz  region.  Such  sig- 
nals  may  be  processed  by  transistors  and  other  solid 
state  devices,  and  may  employ  analog  filters  in  the 
form  of  a  series  of  cavity  resonators,  or  resonators 
configured  in  microstrip  form.  By  way  of  example,  to 
provide  a  band-pass  filter  having  an  elliptic  function 
or  a  Chebyshev  response,  and  wherein  a  mathemat- 
ical  representation  of  the  response  is  characterized 
by  numerous  poles,  the  filter  has  many  sections. 
Each  section  has  a  single  resonator,  in  the  microstrip 
form  of  circuit,  for  each  pole  which  is  to  be  produced 
in  the  filter  transfer  function. 

A  problem  arises  in  that  the  circuitry  may  be  un- 
duly  large  because  of  the  space  occupied  by  one  or 
more  filters  employed  in  the  circuitry.  In  the  case  of 
cavity-resonator  filters,  each  cavity  is  physically 
large,  particular  at  lower  frequencies,  the  physical 
size  militating  against  the  use  of  the  cavity  filters. 
Thus,  in  situations  wherein  there  is  limited  space 
available  for  electronic  circuits,  such  as  in  satellites 
which  serve  as  part  of  a  communication  system, 
there  is  a  need  to  reduce  the  size  of  filters,  as  well  as 
to  decrease  the  weight  of  filters  employed  in  the  sig- 
nal  processing  circuitry. 

The  present  invention  seeks  to  overcome  or  im- 
prove  upon  aforementioned  disadvantages  and  pre- 
ferably  provide  other  advantages  in  that  the  filter  em- 
ploys  a  series  of  resonators,  the  resonators  being  of 
generally  planar  configuration,  wherein  the  resona- 
tors  are  stacked  one  upon  the  other  in  a  spaced-apart 
arrangement  of  the  resonators.  In  a  preferred  em- 
bodiment  of  the  invention,  the  resonators  are  sup- 
ported  in  their  respective  positions  by  layers  of  dielec- 
tric  material.  The  dielectric  material  may  have  a  rela- 
tively  high  dielectric  constant  so  as  to  reduce  the  wa- 
velength  of  standing  waves  supported  by  each  reso- 
nator,  thereby  reducing  the  overall  configuration  of 
the  filter  in  terms  of  the  transverse  dimensions  of  the 
resonators. 

Each  resonator  may  be  also  provided  with  a  per- 
turbation,  such  as  a  notch  or  a  tab  located  at  a  dis- 

tance  from  an  input  feed  point  on  one  of  the  resona- 
tors.  For  example,  in  the  case  of  a  resonator  having 
a  square  or  rectangular  shape,  the  perturbation  may 
be  located  at  a  corner  in  each  of  the  resonators,  while 

5  the  feed  point  of  an  input  resonator  may  be  located  at 
the  midpoint  of  a  side  of  the  resonator.  The  perturba- 
tion  introduces  a  second  mode  of  vibration  of  the  elec- 
tromagnetic  wave  such  that,  at  each  of  the  resona- 
tors,  there  are  two  modes  of  vibration  of  a  standing 

10  electromagnetic  wave. 
The  resonators  may  be  disposed  parallel  to  each 

other  and  coaxially  about  a  common  axis  perpendic- 
ular  to  the  resonators.  Electrically  conductive  sheets 
in  the  form  of  metallic  plates  or  foils  may  be  disposed 

15  between  the  resonators,  each  of  the  sheets  being 
provided  with  an  iris  disposed  symmetrically  about 
the  common  axis.  The  irises  serve  to  couple  electro- 
magnetic  power  from  one  resonator  to  the  next  reso- 
nator.  The  irises  may  be  configured  with  circular  sym- 

20  metry,  such  as  a  circle  or  a  cross  having  equal  arms, 
or  may  have  a  elongated  shape  such  as  an  ellipse  or 
a  cross  with  unequal  arms.  An  iris  with  circular  sym- 
metry  serves  to  couple  power  from  both  of  the  modes 
of  a  resonator  equally  to  both  of  the  modes  of  the  next 

25  resonator  of  the  series.  In  the  case  of  the  elongated 
iris,  there  is  preferential  coupling  of  power  of  one  of 
the  modes,  a  tighter  coupling,  with  a  greater  power 
transfer  for  the  vibrational  mode  extending  along  the 
elongated  direction  of  the  iris,  with  reduced  coupling 

30  forthe  mode  extending  along  the  transverse  direction 
of  the  iris. 

The  use  of  dual  modes  of  vibration  of  the  electro- 
magnetic  wave  in  each  of  the  resonators  provides  for 
two  poles  of  the  mathematical  expression  of  the  filter 

35  transfer  function  for  each  resonator.  Thereby,  the 
number  of  required  resonators  is  equal  to  only  half  of 
the  number  of  poles  of  the  transfer  function.  This  re- 
duces  the  overall  dimensions  of  the  filter  in  the  direc- 
tion  of  the  height  of  the  filter,  as  measured  along  the 

40  directions  of  the  aforementioned  common  axis.  It  is 
advantageous  to  include  top  and  bottom  ground 
planes,  which  may  be  fabricated  of  metal  plates  orfoil, 
wherein  the  stack  of  resonators  is  disposed  between 
the  ground  planes.  This  reduces  leakage  and  im- 

45  proves  the  quality  of  the  resonances.  In  a  preferred 
embodiment  of  the  invention,  the  entire  stack  of  res- 
onators  with  the  ground  planes  is  enclosed  within  an 
enclosure,  or  housing,  formed  of  electrically  conduc- 
tive  material  such  as  a  metal. 

so  The  minimum  configuration  of  the  filter  employs 
two  resonators  with  a  single  iris  between  the  two  res- 
onators.  In  the  case  wherein  three  or  more  resonators 
are  employed,  there  are  two  or  more  irises  employed. 
The  electrically  conducting  sheets  of  the  various  iris- 

55  es  are  to  be  maintained  at  a  common  potential,  such 
as  ground  potential.  Accordingly,  a  grounding  strap, 
which  may  be  a  wall  of  the  aforementioned  housing 
can  be  employed  to  provide  electrical  connection  be- 
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tween  the  electrically  conductive  sheets  having  the  ir- 
ises.  While  the  resonators  may  be  fabricated  of  metal, 
it  is  advantageous  to  employ  a  superconductor  mate- 
rial  such  as  yttrium-barium-copper  oxide  (YBCO) 
which  is  operative  to  conduct  electric  current  in  a  su- 
perconducting  mode  at  a  temperature  less  than  or 
equal  to  90  degrees  Kelvin.  Coupling  between  the 
resonators  may  also  be  varied  by  varying  the  spacing 
between  the  various  resonators. 

The  coupling  of  electromagnetic  power  into  and 
out  of  the  filter  can  be  attained  by  use  of  coupling  ele- 
ments  such  as  probes  and/or  slots.  By  way  of  exam- 
ple,  a  probe  may  extend  through  a  wall  of  the  housing, 
be  insulated  therefrom  by  a  sheath  of  insulation,  and 
extend  to  a  position  adjacent  a  peripheral  region  of  a 
resonator.  Electromagnetic  coupling  is  then  attained 
by  a  gap  between  the  probe  and  the  resonator.  The 
probe  may  be  oriented  perpendicularly  to  the  plane  of 
the  resonator  or  parallel  to  the  plane  of  the  resonator. 
The  point  of  coupling  of  the  electromagnetic  power  to 
the  resonator  lies  within  a  plane  including  the  com- 
mon  axis  and  parallel  to  one  of  the  two  modes  of  vi- 
bration  of  the  standing  wave  on  the  resonator.  A  sec- 
ond  of  the  coupling  elements,  for  extraction  of  power 
may  be  coupled  to  the  same  resonator,  but,  prefer- 
ably,  is  coupled  to  another  of  the  resonators.  In  a  pre- 
ferred  embodiment  of  the  invention,  the  second  cou- 
pling  element  is  positioned  at  a  coupling  point  lying  in 
a  plane  perpendicular  to  the  aforementioned  plane 
and  including  the  common  axis,  thereby  to  couple  the 
second  of  the  two  modes  in  a  resonator.  An  alterna- 
tive  configuration  of  coupling  element  is  a  slot  provid- 
ed  in  one  of  the  ground  planes,  the  slot  extending  be- 
neath  the  periphery  of  a  resonator. 

In  order  that  the  invention  and  its  various  other 
preferred  features  may  be  understood  more  easily, 
some  embodiments  thereof  will  now  be  described,  by 
way  of  example  only,  with  reference  to  the  drawings 
in  which:- 

Figure  1  is  a  stylized  view  of  a  circuit  board  hav- 
ing,  as  one  of  its  components,  a  filter  constructed 
in  accordance  with  the  invention; 
Figure  2  is  an  isometric  view  of  the  filter  of  the  in- 
vention,  portions  of  the  structure  of  the  filter  be- 
ing  cut  away  to  show  details  of  the  construction; 
Figure  3  is  a  sectional  view  taken  along  a  central 
plane  of  the  filter  of  the  invention  in  an  alternative 
embodiment  employing  an  arrangement  of  cou- 
pling  elements  which  differs  from  the  arrange- 
ment  of  Figure  2; 
Figure  4  is  a  simplified  exploded  view  of  a  filter 
of  the  invention  in  accordance  with  a  further  em- 
bodiment  having  yet  another  arrangement  of 
coupling  elements,  and  disclosing  details  in  the 
construction  of  perturbations  of  resonators  of  the 
filter,  the  resonators  having  a  substantially 
square,  or  slightly  rectangular  shape; 
Fig.  5  is  a  further  simplified  exploded  view  of  the 

filter  of  the  invention  wherein  coupling  elements 
are  provided  in  accordance  with  yet  a  further  ar- 
rangement,  and  wherein  the  resonator  perturba- 
tions  are  constructed  in  accordance  with  a  fur- 

5  ther  embodiment,  the  resonators  having  a  circu- 
lar  shape; 
Figs.  6-9  show  different  embodiments  of  a  cou- 
pling  iris  employed  in  the  filter; 
Figs.  10  and  11  show  simplified  schematic  views 

10  of  the  filter  of  the  invention  disclosing  a  resonator 
constructed  in  accordance  with  a  further  embodi- 
ment  having  an  annular  form,  the  resonator 
shown  disposed  upon  a  layer  of  dielectric  mate- 
rial  wherein,  in  Fig.  10,  the  resonator  has  a  circu- 

15  lar  annular  shape  and  wherein,  in  Fig.  11,  the  res- 
onator  has  an  elliptical  annular  shape; 
Fig.  12  discloses  a  simplified  exploded  view  of 
the  filter  presenting  coupling  structure  in  the 
form  of  a  pair  of  slots,  and  wherein  the  resonator 

20  may  be  slightly  elliptical  in  shape; 
Fig.  13  shows  a  fragmentary  view  of  a  further 
coupling  structure  wherein  a  probe  is  oriented 
perpendicularly  to  the  plane  of  a  resonator;  and 
Fig.  14  is  a  schematic  representation  of  a  stack  of 

25  five  resonators,  indicated  in  solid  line,  with  a  set 
of  four  electrically-conductive  sheets,  indicated 
as  dashed  lines,  interposed  between  the  resona- 
tors. 
Figure  1  shows  a  circuit  20  constructed  upon  a 

30  circuit  board  22  of  insulating  material  and  having  com- 
ponents  24,  26,  28  and  30  mounted  on  the  board  22 
and  interconnected  via  various  conductors  (not 
shown).  By  way  of  example,  the  components  24,  26, 
28,  and  30  may  include  an  amplifier,  a  modulator,  as 

35  well  as  converters  between  analog  and  digital  sig- 
nals.  Also  included  in  the  circuit  20  is  a  filter  32  con- 
structed  in  accordance  with  the  invention,  and  con- 
nected  by  coaxial  cables  34  and  36,  respectively,  to 
the  circuit  components  28  and  30. 

40  Figure  2  shows  the  filter  32  which  is  in  accor- 
dance  with  the  invention  and  which  comprises  a  set 
of  resonators  38,  40  and  42  with  electrically  conduc- 
tive  sheets  44  and  46  disposed  between  the  resona- 
tors  38,40,  and  42.  The  sheet  44  is  provided  with  an 

45  iris  48  for  coupling  electromagnetic  signals  between 
the  resonators  38  and  40,  and  the  sheet  46  is  provid- 
ed  with  an  iris  50  for  coupling  electromagnetic  signals 
between  the  resonators  40  and  42.  The  resonators 
38,  40,  and  42  are  arranged  symmetrically  about  a 

so  common  axis  52  (Figure  3)  to  form  a  stack  of  the  res- 
onators.  Aground  plane  54  is  located  at  the  bottom  of 
the  resonator  stack  facing  the  resonator  38,  and  a 
ground  plane  56  is  located  at  the  top  of  the  resonator 
stack  facing  the  resonator  42.  The  resonator  38  is  en- 

55  closed  in  a  layer  58  of  dielectric  material  which  serves 
as  a  spacer  between  the  ground  plane  54  and  the 
sheet  44.  Similarly,  the  resonator  40  is  enclosed  with- 
in  a  layer  60  of  dielectric  material  which  supports  the 
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resonator  40  spaced  apart  from  the  sheets  44  and  46, 
and  the  resonator  42  is  enclosed  within  a  layer  62  of 
dielectric  material  which  supports  the  resonator  42  in 
spaced  apart  relation  between  the  sheet  46  and  the 
ground  plane  56.  The  foregoing  components  of  the  fil- 
ter  32  including  the  resonators  38,  40,  and  42,  the 
sheets  44  and  46  and  the  ground  planes  54  and  56 
are  enclosed  within  a  housing  64  of  electrically  con- 
ductive  material  such  as  copper  or  aluminum  which 
serves  to  shield  the  other  components  of  the  circuit 
20  from  electromagnetic  waves  within  the  filter  32, 
and  to  prevent  leakage  radiation  of  electromagnetic 
power  from  the  filter  32. 

The  three  resonators  38,  40  and  42  are  presented 
by  way  of  example,  it  being  understood  that,  if  de- 
sired,  only  two  resonators  may  be  provided  in  the  res- 
onator  stack  or,  if  desired,  four,  five,  or  more  resona- 
tors  may  be  employed  in  the  resonator  stack.  Similar- 
ly,  the  two  sheets  44  and  46  of  Fig.  2  are  presented 
by  way  of  example,  it  being  understood  that  only  one 
sheet  would  be  employed  inthe  case  of  a  stack  of  two 
resonators,  and  that  three  sheets  would  be  employed 
in  a  stack  of  four  resonators,  there  being  one  less 
sheet  than  the  number  of  resonators.  In  one  embodi- 
ment  of  the  filter  32,  the  housing  64,  the  resonators 
40,  42,  and  44  ,  the  sheets  44  and  46,  and  the  ground 
planes  54  and  56  are  all  constructed  of  electrically 
conductive  material  such  as  metal,  copper  or  alumi- 
num  being  a  suitable  metal,  by  way  of  example. 

In  an  alternative  embodiment  of  the  invention, 
each  of  the  resonators  38,  40,  and  42  are  formed  of 
a  superconductor  material  such  as  yttrium-barium- 
copper  oxide  (YBCO)  which  is  operative  to  conduct 
electric  current  in  a  superconducting  mode  at  a  tem- 
perature  less  than  or  equal  to  90  degrees  Kelvin. 
Other  similar  superconductor  materials  such  as  a 
combination  of  copper  oxide  with  other  rare  earth 
metals  such  as  bismuth  or  thallium,  and  the  substitu- 
tion  of  strontium  for  barium  may  be  employed,  if  de- 
sired,  in  constructing  the  resonators  38,  40,  and  42. 
The  superconductor  form  of  the  resonator  is  prefer- 
red  because  such  a  resonator  provides  for  a  higher  Q 
(quality  factor)  in  the  operation  of  the  filter  32,  there- 
by  to  enable  the  attainment  of  a  filter  transfer  function 
having  a  more  sharply  defined  pass  band  than  is  ob- 
tainable  with  the  resonators  constructed  of  metal. 

The  sheets  44  and  46  are  to  operate  at  the  same 
electric  potential,  and,  accordingly,  an  electrically 
conductive  strap  66  (Fig.  2),  which  may  be  fabricated 
of  copper  or  aluminum,  connects  electrically  the 
sheets  44  and  46  to  provide  for  the  equipotential  sur- 
face.  For  larger  resonator  stacks  wherein  more  of  the 
sheets  are  employed,  the  strap  66  is  extended  to  con- 
nect  electrically  all  of  the  sheets  to  provide  for  a  single 
equipotential  surface.  If  desired,  by  way  of  alternative 
embodiment  to  be  described  in  Fig.  3,  each  of  the 
sheets  44  and  46,  as  well  as  such  other  sheets  which 
may  be  present,  connect  to  a  wall  of  the  housing  64 

wherein  the  housing  wall  serves  to  electrically  con- 
nect  the  sheets  to  provide  the  equipotential  relation- 
ship.  Also,  by  way  of  further  alternative  embodiment, 
the  top  and  bottom  walls  of  the  housing  64  may  serve 

5  the  function  of  the  ground  planes  56  and  54,  respec- 
tively. 

All  of  the  layers  58,  60,  and  62  may  be  fabricated 
of  the  same  dielectric  material,  a  dielectric  material 
such  as  quartz,  or  a  ceramic  such  as  alumina  or  lan- 

10  thanum  aluminate  being  a  suitable  dielectric  material. 
Such  dielectric  materials  are  advantageous  in  that 
the  layers  58,  60  and  62  of  the  dielectric  material  as 
well  as  the  resonators  38,  40,  and  42,  and  the  sheets 
44  and  46  may  be  constructed,  one  upon  the  other, 

15  by  means  of  photolithography  so  as  to  provide  for  pre- 
cisely  dimensioned  components  of  the  filter  32  via  a 
manufacturing  process  which  permits  accurate  repli- 
cation  of  the  filters,  thereby  permitting  mass  produc- 
tion  of  filters  having  identical  electrical  characteris- 

20  tics.  A  further  advantage  in  the  use  of  the  foregoing 
dielectric  material  is  that  the  dielectric  constant  is  sig- 
nificantly  higher  than  that  provided  by  air  with  the  re- 
sult  that  there  is  a  substantial  reduction  in  the  physi- 
cal  dimensions  of  a  standing  wave  produced  upon  in- 

25  teraction  of  any  one  of  the  resonators  38,  40,  and  42 
with  an  electromagnetic  signal.  This  permits  the 
physical  size  of  the  filter  32  to  be  made  much  smaller 
than  a  multi-sectioned  cavity  microwave  filter  of  sim- 
ilar  filter  transfer  function. 

30  In  the  operation  of  a  resonator,  two  basic  modes 
of  oscillation,  or  resonance,  are  obtainable  wherein  a 
cross-sectional  dimension,  or  diameter,  lying  in  a  ref- 
erence  plane  68  (Fig.  4)  is  equal  to  one-half  wave- 
length  of  the  electromagnetic  signal,  and  wherein  a 

35  cross-sectional  dimension,  or  diameter,  perpendicu- 
lar  to  the  reference  plane  68  is  equal  to  one-half  wa- 
velength  of  the  electromagnetic  signal.  While  reso- 
nances  may  be  selected  to  be  at  the  same  frequency 
attained  by  equal  resonator  dimensions,  generally, 

40  the  filter  transfer  function  is  that  of  a  band-pass  filter 
described  mathematically  as  having  a  plurality  of 
poles,  such  as  an  elliptic  function  filter  or  a  Cheby- 
shev  filter.  In  such  afilter  transfer  function,  each  pole, 
and  corresponding  resonance,  is  ata  slightly  different 

45  frequency.  Accordingly,  the  aforementioned  diameter 
lying  in  the  reference  plane  68  and  the  aforemen- 
tioned  diameter  laying  perpendicularly  to  the  refer- 
ence  plane  68  are  of  slightly  different  lengths.  Each 
of  the  resonators  38,  40,  and  42  are  approximately 

so  square,  or  rectangular,  in  the  sense  that  the  cross- 
sectional  dimensions  may  differ  by  one  percent,  or 
other  amounts,  by  way  of  example.  Furthermore,  the 
cross-sectional  dimensions  of  the  resonator  40  differ 
slightly  from  those  of  the  resonator  38  and,  similarly 

55  the  cross-sectional  dimensions  of  the  resonator  42 
differ  slightly  from  those  of  the  resonators  38  and  40. 
This  selection  of  resonator  dimensions  establishes  a 
set  of  resonant  wavelengths  for  the  electromagnetic 
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signals  lying  within  the  pass  band  of  the  filter  32.  In 
the  preferred  embodiment  of  the  invention,  each  of 
the  resonators  is  operated  only  in  its  fundamental 
mode  wherein  a  diameter  is  equal  to  a  half- 
wavelength,  rather  than  to  a  wavelength  or  higher  or- 
der  mode  of  vibration  of  the  electromagnetic  wave. 
Vertical  spacing  between  the  resonators  38,  40,  and 
42,  as  measured  along  the  axis  52,  is  less  than  ap- 
proximately  one-quarter  or  one-tent  h  of  a  wavelengt  h 
to  avoid  generation  of  spurious  modes  of  vibration  of 
the  electromagnetic  signal  within  the  filter  32. 

In  the  use  of  the  superconductor  material  for  con- 
struction  of  the  resonators  38,  40,  and  42,  there  is  a 
need  to  maintain  the  filter  32  at  a  low  temperature, 
less  than  or  equal  to  the  aforementioned  90  degrees 
Kelvin.  This  is  accomplished  readily  by  placing  the  fil- 
ter  32  in  a  cold  chamber  (not  shown)  with  the  coaxial 
cables  34  and  36  (Fig.  1)  leading  out  of  the  chamber 
to  connect  with  the  other  components  of  the  circuit 
20.  Alternatively,  the  components  of  the  circuit  20 
may  employ  transistors,  such  as  gallium  arsenide 
transistors,  which  are  operable  at  the  foregoing  low 
temperature,  in  which  case  the  entire  circuit  20  may 
be  located  within  the  cold  chamber. 

Sig  nals  are  coupled  into  and  out  of  t  he  filter  32  via 
some  form  of  coupling  means  employing  any  one  of 
several  arrangements  of  coupling  elements  disclosed 
in  the  figures.  For  example,  as  shown  in  Fig.  2,  cou- 
pling  of  signals  into  and  out  of  the  filter  32  is  accom- 
plished  by  means  of  probes  70  and  72  which  repre- 
sent  extensions  of  the  center  conductors  of  the 
cables  34  and  36,  and  connect  directly  with  the  res- 
onators  38  and  42,  respectively.  For  example,  the 
probe  70  may  provide  an  input  signal  to  the  filter  32 
while  the  probe  72  extracts  an  output  signal  from  the 
filter  32.  It  is  noted  that  the  probe  70  lies  within  the 
reference  plane  68  (Fig.  4)  while  the  probe  72  is  per- 
pendicular  to  the  reference  plane  68.  The  probe  70 
establishes  a  mode  of  electromagnetic  vibration  with- 
in  the  resonator  38  such  that  a  standing  wave  devel- 
ops  wherein  the  wave  vibrates  within  the  reference 
plane  68.  The  probe  72  interacts  with  an  electromag- 
netic  wave  vibrating  in  a  plane  perpendicular  to  the 
reference  plane  68  for  extracting  power  from  a  mode 
of  vibration  in  the  resonator  42  which  is  perpendicular 
to  the  reference  plane  68.  Alternatively,  two  probes 
74  and  76  (Fig.  3)  may  extend  in  directions  parallel  to 
the  resonators  38  and  42,  respectively,  and  perpen- 
dicularly  to  a  sidewall  78  of  the  housing  64.  The 
probes  74  and  76  are  spaced  apart  from  the  resona- 
tors  38  and  42  by  gaps  80  and  82,  respectively,  for 
coupling  of  electromagnetic  power  tothe  resonator  38 
and  from  the  resonator  42.  By  way  of  alternative  con- 
figuration  in  the  arrangement  of  the  coupling  ele- 
ments,  the  probes  74  and  76  lie  in  a  common  plane 
with  the  axis  52,  such  as  the  reference  plane  68  or  a 
plane  perpendicular  to  the  reference  plane  68  and  in- 
cluding  the  axis  52. 

As  shown  in  Fig.  3,  each  of  the  probes  74  and  76 
extends  from  a  coaxial  connector  mounted  to  the 
housing  sidewall  78.  In  the  case  of  the  probe  74,  a 
connector  84  comprises  an  outer  cylindrical  conduc- 

5  tor  86  in  electrical  contact  with  the  sidewall  78,  and 
an  electrically  insulating  sleeve  88  which  positions 
the  probe  74  centrally  along  an  axis  of  the  outer  con- 
ductor  86  and  encircled  by  the  sleeve  88  to  insulate 
the  probe  74  from  the  outer  conductor  86.  Thereby, 

10  an  extension  of  the  probe  74  is  also  a  central  conduc- 
tor  of  the  connector  84.  Similarly,  an  extension  of  the 
probe  76  is  the  center  conductor  of  a  coaxial  connec- 
tor  90  which  has  a  cylindrical  outer  conductor  92 
spaced  apart  from  probe  76  by  an  electrically  insulat- 

15  ing  sleeve  94.  Also  shown  in  the  embodiment  of  Fig. 
3  is  the  connection  of  the  housing  sidewall  78  to  both 
of  the  sheets  44  and  46  to  equalize  their  potential  in 
the  manner  of  the  strap  66  of  Fig.  2.  Inaddition,  inthe 
embodiment  of  Fig.  3,  the  functions  of  the  ground 

20  planes  54  and  56  of  Fig.  2  are  provided  by  a  bottom 
wall  96  and  a  top  wall  98,  respectively,  so  that  the  ad- 
ditional  physical  structures  of  the  ground  planes  54 
and  56  (Fig.  2)  are  not  employed  in  the  embodiment 
of  Fig.  3. 

25  In  the  simplified  presentation  of  the  filter  32,  as 
presented  in  Fig.  4,  only  two  of  the  resonators  38  and 
40  are  shown,  along  with  a  single  sheet  44.  Also,  the 
corresponding  layers  58  and  60  of  dielectric  material 
have  been  omitted  to  simplify  the  presentation.  By 

30  way  of  alternative  embodiment,  the  coupling  ele- 
ments  are  presented  as  pads  100  and  102,  which  ex- 
tend  partway  beneath  a  peripheral  portion  of  the  res- 
onator  38  and  are  spaced  apart  therefrom  by  gaps 
104  and  106.  Unlike  the  arrangement  of  coupling  ele- 

35  ments  of  Figures  2,  3  and  4,  both  of  the  coupling  ele- 
ments,  namely  the  pads  100  and  102  are  coupled  to 
the  same  resonator,  namely  the  resonator  38.  The 
pad  100  lies  within  the  reference  plane  68,  and  the 
pad  102  lies  in  the  plane  perpendicular  to  the  refer- 

40  ence  plane  68.  By  way  of  further  embodiment,  a  con- 
necting  element  in  the  form  of  a  pad  104,  shown  in 
phantom,  may  be  located  within  the  reference  plane 
68  adjacent  the  resonator  40,  in  lieu  of  the  pad  102 
for  coupling  signals  from  the  filter  32. 

45  In  accordance  with  an  important  refinement  of 
the  invention,  at  least  one  of  the  resonators  of  the  fil- 
ter  32,  and  preferably  all  of  the  resonators,  such  as 
the  resonators  38,  40,  and  42  (Figures  2  and  3)  are 
provided  with  a  perturbation  located  in  a  peripheral 

so  region  of  a  resonator  at  a  site  distant  from  the  refer- 
ence  plane  68  and  from  a  coupling  element.  One  form 
of  construction  of  the  perturbation  is  a  notch  108 
shown  in  Figure  4  and  shown  partially  in  Figure  2.  An 
alternative  form  of  the  perturbation  is  a  tab  1  1  0  shown 

55  in  Figure  5.  The  perturbation  causes  an  interaction 
between  the  two  orthogonal  modes  of  vibration  of 
electromagnetic  waves  within  any  one  of  the  resona- 
tors  38,  40,  and  42,  such  that  the  presence  of  any  one 

5 
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of  the  modes  induces  the  presence  of  the  other 
mode.  Thus,  by  way  of  example,  upon  excitation  of  a 
mode  of  vibration  in  the  reference  plane  68  by  appli- 
cation  of  a  signal  on  the  pad  100  (Fig.  4),  the  pertur- 
bation,  in  the  form  of  the  notch  108,  introduces  a  cou- 
pling  between  the  modes  such  that  the  mode  of  vibra- 
tion  in  the  reference  plane  68  induces  vibration  also 
in  the  plane  perpendicular  to  the  reference  plane  68. 
Thereby,  upon  application  of  an  electromagnetic  sig- 
nal  to  the  tab  1  00,  both  orthogonal  modes  of  vibration 
of  electromagnetic  standing  waves  appear  at  the  res- 
onator  38. 

The  iris  48  in  the  sheet  44  is  in  the  form  of  a  cross 
having  transverse  arms  112  and  114  located  on  radii 
extending  from  the  axis  52.  The  arm  114  lies  within 
the  reference  plane  68  for  coupling  energy  of  the  vi- 
brational  mode  at  the  resonator  38  lying  within  the  ref- 
erence  plane  68  to  the  resonator  40.  Similarly,  the 
arm  112  is  oriented  perpendicularly  to  the  reference 
plane  68  for  coupling  energy  of  the  vibrational  mode 
at  the  resonator  38  lying  perpendicular  to  the  refer- 
ence  plane  68  to  the  resonator  40.  Thereby,  two  or- 
thogonal  modes  of  vibration  appear  also  at  the  reso- 
nator  40.  In  a  similar  fashion,  the  iris  50  couples  elec- 
tromagnetic  energy  from  the  two  modes  of  vibration 
upon  the  resonator  40  to  the  resonator  42.  In  view  of 
the  fact  that  each  of  the  resonators  carries  two 
modes  of  vibration  of  electromagnetic  energy,  cou- 
pling  elements  can  be  applied  to  any  one  or  any  pair 
of  the  resonators,  and  may  be  disposed  in  a  common 
vertical  plane,  as  in  Fig.  3,  or  in  transverse  vertical 
planes,  as  in  Fig.  2. 

In  the  iris  48,  the  arms  112  and  114  may  be  of 
equal  length  and  width  to  provide  foran  equal  amount 
of  coupling  of  the  corresponding  electromagnetic 
modes.  Alternatively,  if  desired,  one  of  the  arms,  such 
as  the  arm  114  may  be  made  shorter  than  the  other 
arm  112.  This  provides  for  reduced  coupling  of  the 
mode  which  is  parallel  to  the  plane  68  relative  to  the 
amount  of  coupling  of  the  mode  which  is  perpendicu- 
lar  to  the  plane  68.  Such  variation  in  the  amount  of 
coupling  among  the  various  modes  is  a  factor  to  be 
selected  for  attaining  a  desired  filter  transfer  function. 
In  similar  fashion,  cross  arms  of  the  iris  50  may  be  ad- 
justed  for  equal  or  unequal  amounts  of  coupling  of  the 
corresponding  electromagnetic  modes.  Coupling 
among  modes  of  different  ones  of  the  resonators  may 
also  be  adjusted  by  varying  spacing  between  neigh- 
boring  ones  of  the  resonators,  as  will  be  described 
with  reference  to  Fig.  14.  It  is  noted  that  the  foregoing 
discussion  in  the  generation  of  the  orthogonal  modes 
of  vibration  applies  also  to  circular  resonators  such  as 
the  resonators  116  and  118  of  Fig.  5.  The  same  form 
of  sheet,  such  as  the  sheet  44  and  the  same  form  of 
iris,  such  as  the  iris  48  may  be  employed  with  the  cir- 
cular  resonators  116  and  118.  Similarly,  the  coupling 
elements,  such  as  the  pads  100  and  102  of  Fig.  4  may 
be  employed  also  wit  h  t  he  circular  resonators  1  1  6  and 

118  of  Fig.  5. 
Fig.  6  shows  a  plan  view  of  the  iris  48  in  the  sit- 

uation  where  the  two  arms  112  and  114  are  equal. 
Fig.  7  shows  a  plan  view  of  an  alternative  conf  igura- 

5  tion  of  the  iris,  namely  an  iris  48A  having  an  arm  114A 
which  is  shorter  than  the  arm  112A.  If  desired,  the 
shape  of  the  iris  can  be  altered  such  that,  instead  of 
use  of  an  iris  having  the  shape  of  a  cross,  an  iris  in 
the  shape  of  a  circle  or  an  ellipse  may  be  employed. 

10  Fig.  8  shows  a  plan  view  of  a  circular  iris  120,  and  Fig. 
9  shows  a  plan  view  of  an  elliptical  iris  122.  The  sym- 
metry  of  the  circular  iris  120  provides  for  an  equal 
amount  of  coupling  of  two  orthogonal  electromagnet- 
ic  modes.  In  the  case  of  the  iris  122  of  Fig.  9,  the  long 

15  dimension  of  the  iris  12  may  be  positioned  perpendi- 
cularly  to  the  reference  plane  68  (Fig.  4)  in  which  case 
the  electromagnetic  mode  vibrating  in  the  plane  per- 
pendicular  to  the  reference  plane  68  will  be  coupled 
more  strongly  to  a  neighboring  resonator  than  the  or- 

20  thogonal  electromagnetic  mode  which  is  parallel  to 
the  reference  plane  68. 

The  resonator  need  not  be  substantially  square 
as  shown  in  Fig.  4,  or  substantially  circular  as  shown 
in  Fig.  5,  but  may,  if  desired,  be  provided  with  an  an- 

25  nularform  as  shown  in  Figs.  10  and  11.  Fig.  10  shows 
a  plan  view  of  an  annular  resonator  124  shown  posi- 
tioned,  schematically  within  a  layer  of  dielectric  ma- 
terial,  such  as  the  layer  62.  In  Fig.  11,  there  is  shown 
schematically  a  resonator  126  disposed  upon  the  lay- 

30  er62  of  dielectric  material  and  having  an  elliptical  an- 
nular  form,  as  compared  to  the  circular  annular  form 
of  Fig.  10. 

Fig.  12  shows  a  simplified  exploded  view  of  a  por- 
tion  of  the  filter  32  disclosing  the  bottom  ground  plane 

35  54,  the  resonator  116,  and  the  electrically-conductive 
sheet  44  with  the  iris  48  therein.  Instead  of  the  probes 
70  and  72  of  Fig.  2,  or  the  probes  74  and  76  of  Fig.  3, 
or  the  pads  100  or  102  of  Figs.  4  and  5,  Fig.  12  shows 
a  further  form  of  coupling  element  wherein  a  pair  of 

40  orthogonal  coupling  elements  are  formed  as  slots 
128  and  130  disposed  in  the  ground  plane  54.  The  slot 
128  lies  in  the  reference  plane  68  (Fig.  4),  and  the  slot 
130  is  perpendicular  to  the  reference  plane  68,  and 
lies  on  a  radius  extending  from  the  axis  52.  Probes 

45  132  and  134  are  disposed  on  the  back  side  of  the 
ground  plane  54,  opposite  the  resonator  116,  and  are 
oriented  perpendicularly  to  the  slots  128  and  130,  re- 
spectively,  and  are  positioned  parallel  to  and  in 
spaced-apart  relation  to  the  ground  plane  54.  The 

so  probes  1  32  and  1  34  excite  an  electromagnetic  signal 
in  the  slots  128  and  130,  respectively,  with  the  slots 
128  and  130  serving  to  excite  orthogonal  modes  of 
electromagnetic  waves  within  the  resonator  116.  In 
the  fragmentary  view  of  Fig.  13,  there  is  shown  yet 

55  another  embodiment  of  coupling  element  wherein  a 
probe  1  36  is  oriented  perpendicularly  to  the  resonator 
116  and  spaced  apart  therefrom  by  a  gap  138.  The 
probe  136  is  mounted  to  the  ground  plane  54  and 

6 
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passes  through  the  ground  plane  54  via  an  aperture 
therein  by  means  of  an  electrically-insulating  sleeve 
140,  disposed  within  the  aperture.  The  sleeve  140 
serves  to  support  the  probe  136  within  the  ground 
plane  54. 

Fig.  14  shows  a  stack  142  of  resonators  144,  146, 
148,  150  and  152  with  a  set  of  electrically  conducting 
sheets  154,  156,  158  and  160  disposed  therebetw- 
een.  The  sheets  are  understood  to  include  coupling  ir- 
ises  (not  shown  in  Fig.  14).  The  resonator  stack  142 
demonstrates  an  embodiment  of  the  invention  having 
additional  resonators  and  sheets  with  coupling  irises 
therein.  Fig.  14  also  demonstrates  a  variation  of  cou- 
pling  strength  between  various  ones  of  the  resona- 
tors  attained  by  a  variation  in  spacing  between  the  va- 
rious  resonators  For  example,  the  central  resonator 
148  may  be  spaced  at  relatively  large  distance  be- 
tween  the  resonators  146  and  150,  as  compared  to 
the  relatively  small  spacing  between  the  resonators 
144  and  146  and  the  relatively  small  spacing  between 
the  resonators  150  and  152.  In  the  embodiment  of 
Fig.  14,  the  resonators  may  have  the  same  form  as 
shown  in  Fig.  4  wherein  the  perturbations,  shown  as 
notches  1  08,  are  oriented  at  45  degrees  relative  to  the 
reference  plane  68.  Alternatively,  the  resonators  (Fig. 
14)  may  have  the  same  form  as  the  resonators  of  Fig. 
5  wherein  the  perturbations,  shown  as  tabs  110  are 
oriented  at  45  degrees  relative  to  the  reference  plane 
68  (Fig.  4).  In  all  of  the  embodiments,  the  resonators 
and  the  electrically-conducting  sheets  have  a  planar 
form,  and  are  positioned  symmetrically  about  the  cen- 
tral  axis  52.  If  desired,  a  single-mode  filter  may  be  im- 
plemented  in  a  similar  stacked  configuration  by  delet- 
ing  the  foregoing  perturbation,  and  by  providing  that 
the  input  and  the  output  coupling  elements  are  copla- 
nar.  The  principles  of  the  invention  can  be  obtained 
with  a  stack  of  resonators,  such  as  the  stack  142  with- 
out  use  of  the  ground  planes  54  and  56  (Fig.  2),  how- 
ever,  there  would  be  significant  leakage  of  electro- 
magnetic  energy  which  might  interfere  with  operation 
of  other  components  of  the  circuit  20  (Fig.  1),  and 
wherein  such  leakage  might  decrease  the  Q  of  the  fil- 
ter  transfer  function.  Use  of  the  ground  planes  54  and 
56  on  the  bottom  and  the  top  ends  of  the  stack  of  res- 
onators  is  preferred  because  it  tends  to  confine  the 
electromagnetic  energy  within  the  region  of  the  filter. 
Still  further  beneficial  results  are  obtained  by  mount- 
ing  the  resonator  stack  within  an  electrically  conduc- 
tive  enclosure,  such  as  the  housing  64  which  retains 
the  electromagnetic  energy  within  the  filter,  and  pre- 
vents  leakage  of  the  energy  to  other  components  of 
the  circuit  20. 

Claims 

1.  A  filter  for  an  electromagnetic  signal,  comprising 
a  set  of  resonators  (38,  40,  42)  spaced  apart  from 

each  other  and  disposed  coaxially  about  an  axis 
(52),  each  of  which  resonators  extends  trans- 
versely  of  the  axis,  a  set  of  electrically  conductive 
sheets  (44,  46)  interposed  between  successive 

5  ones  of  the  resonators  and  spaced  apartfrom  the 
resonators,  there  being  at  least  two  resonators  in 
said  set  of  resonators,  there  being  at  least  one 
sheet  in  said  set  of  sheets,  each  of  the  sheets 
having  an  iris  (48)  for  coupling  electromagnetic 

10  power  between  neighbouring  ones  of  the  resona- 
tors,  and  coupling  means  (100,  104)  adjacent  at 
least  one  of  the  resonators  for  coupling  an  elec- 
tromagnetic  signal  to  the  filter. 

15  2.  Afilteras  claimed  in  claim  1,  wherein  the  coupling 
means  includes  a  coupling  element  (100)  posi- 
tioned  for  coupling  electromagnetic  power  to  a 
point  on  one  resonator  (38),  which  coupling  ele- 
ment  excites  in  that  resonator  a  first  mode  of 

20  electromagnetic  vibration  in  a  reference  plane 
(68)  defined  by  said  axis  (52)  and  said  point. 

3.  A  filter  as  claimed  in  Claim  2  wherein  said  one 
resonator  comprises  a  perturbation  (108)  distant 

25  from  said  plane  for  inducing  a  second  mode  of 
electromagnetic  vibration  perpendicular  to  said 
plane  (68). 

4.  A  filter  as  claimed  in  Claim  3,  wherein  the  cou- 
30  pling  means  further  comprises  a  second  coupling 

element  (104)  positioned  for  coupling  power  to  a 
point  on  a  second  of  the  resonators  (40). 

5.  A  filter  as  claimed  in  Claim  4,  wherein  the  cou- 
35  pling  point  on  the  second  resonator  (40)  is  dis- 

posed  in  said  reference  plane  (68). 

6.  A  filter  as  claimed  in  Claim  4,  wherein  the  cou- 
pling  point  of  the  second  resonator  is  disposed  at 

40  a  peripheral  region  of  said  second  resonator  on  a 
diameter  of  said  second  resonator  oriented  per- 
pendicularly  to  said  reference  plane  68. 

7.  Afilteras  claimed  in  any  one  of  Claims  2  to  6  fur- 
45  ther  comprising  a  first  ground  plane  (54)  and  a 

second  ground  plane  (56)  disposed  transversely 
to  said  axis  (52)  and  spaced  apart  from  the  set  of 
resonators  (38,40,42)  which  set  of  resonators  are 
located  between  first  and  second  ground  planes, 

so  the  first  resonator  (38)  facing  the  first  ground 
plane  (54)  and  the  second  resonator  (42)  facing 
the  second  ground  plane. 

8.  A  filter  as  claimed  in  Claim  7,  wherein  the  cou- 
55  pling  element  is  formed  as  a  slot  (128)  in  said  first 

ground  plane  (54). 

9.  A  filter  as  claimed  in  Claim  7,  wherein  the  cou- 

7 
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pling  element  is  formed  as  a  probe  (136)  perpen- 
dicular  to  the  first  resonator  (116)  and  extending 
through  the  first  ground  plane  (54). 

10.  A  filter  as  claimed  in  any  one  of  Claims  2  to  7, 
wherein  the  coupling  element  is  formed  as  a 
probe  (74)  parallel  to  and  spaced  apart  from  a 
peripheral  region  of  the  first  resonator  (38). 

16.  A  filter  as  claimed  in  any  one  of  the  preceding 
claims,  further  comprising  an  electrically  conduc- 
tive  enclosure  (64,  78,  96,  98)  enclosing  the  set 
of  resonators  and  the  set  of  sheets. 

17.  Afilteras  claimed  in  Claim  16,  wherein  there  is  a 
plurality  of  sheets,  the  enclosure  connecting 
electrically  with  the  sheets  to  form  an  equipoten- 
tial  surface. 

18.  Afilteras  claimed  in  Claim  3  or  any  claim  depend- 
ant  from  Claim  3,  wherein  the  perturbation  is 
formed  as  a  notch  (108)  in  a  peripheral  portion  of 
one  resonator  (38). 

19.  Afilteras  claimed  in  Claim  3  or  any  claim  depend- 
ant  from  claim  3,  wherein  perturbation  is  formed 
as  a  tab  (110)  disposed  in  a  peripheral  portion  of 

one  resonator  (116). 

20.  Af  ilter  as  claimed  in  Claim  3  or  any  claim  depend- 
ant  from  claim  3,  wherein  said  one  resonator  has 

5  a  rectangular  shape,  and  the  perturbation  is  lo- 
cated  in  a  corner  of  the  resonator. 

21.  Afilteras  claimed  in  Claim  3  or  any  one  of  claims 
4  to  19  when  dependant  from  claim  3,  wherein 

10  said  one  resonator  has  a  square  shape,  and  the 
perturbation  is  located  in  a  corner  of  the  resona- 
tor. 

22.  A  filter  as  claimed  in  Claim  3  or  any  one  of  claims 
15  4  to  19  when  dependant  from  Claim  3,  wherein 

said  one  resonator  has  a  circular  shape,  the  ref- 
erence  plane  (68)  passes  through  a  center  of  the 
resonator,  and  the  perturbation  (110)  is  located 
on  a  diameter  of  the  resonator  orientated  at  sub- 

20  stantially  45  degrees  relative  to  the  intersection  of 
said  reference  plane  and  the  resonator. 

23.  A  filter  as  claimed  in  Claim  3  or  any  one  of  claims 
4  to  19  when  dependant  from  claim  3,  wherein 

25  said  one  resonator  has  an  annular  shape  (122) 
and  the  perturbation  is  located  on  a  diameter  of 
the  resonator  orientated  at  substantially  45  de- 
grees  relative  to  the  intersection  of  said  plane  and 
said  resonator. 

30 
24.  A  filter  as  claimed  in  Claim  3  or  any  one  of  claims 

4  to  23,  wherein  each  of  the  resonators  has  a  per- 
turbation  disposed  in  a  peripheral  region  of  the 
resonator  distant  from  said  plane  (68). 

35 
25.  A  filter  as  claimed  in  any  one  of  the  preceding 

claims  further  comprising  dielectric  material  dis- 
posed  between  the  sheets  (44,  46)  and  the  res- 
onators  (38,  40,  42). 

40 
26.  Afilteras  claimed  in  Claim  25,  wherein  the  dielec- 

tric  material  is  quartz. 

27.  Afilteras  claimed  in  Claim  25,  wherein  the  dielec- 
45  trie  material  is  a  ceramic  of  'alumina'. 

28.  Afilteras  claimed  in  Claim  25,  wherein  the  dielec- 
tric  material  is  a  ceramic  of  lanthanum  aluminate. 

so  29.  A  filter  as  claimed  in  any  one  of  the  preceding 
claims,  wherein  each  of  the  resonators  is  fabricat- 
ed  of  metal. 

30.  A  filter  as  claimed  in  any  one  of  claims  1  to  28, 
55  wherein  each  of  the  resonators  is  fabricated  of 

superconductor  material. 

31.  A  filter  as  claimed  in  any  one  of  the  preceding 

11.  A  filter  as  claimed  in  any  one  of  Claims  2  to  7  10 
wherein  the  coupling  element  is  formed  as  a  tab 
(70)  extending  from  a  peripheral  region  of  the  first 
resonator. 

12.  A  filter  as  claimed  in  Claim  3,  or  any  claim  de-  15 
pendant  from  Claim  3,  wherein  an  iris  (120)  in  one 
of  the  sheets  (44)  has  a  circular  symmetry  for 
coupling  power  of  the  first  mode  and  second 
mode  equally  between  neighbouring  ones  of  the 
resonators  (38,  40).  20 

13.  Afilteras  claimed  in  Claim  3  or  any  claim  depend- 
ant  from  Claim  3,  wherein  an  iris  (48A)  in  one  of 
the  sheets  has  a  first  dimension  parallel  to  said 
reference  plane  (68)  and  a  second  dimension  25 
perpendicular  to  said  reference  plane,  first  and 
second  dimensions  differing  in  length  for  a  differ- 
ential  amount  of  coupling  of  power  of  first  and 
second  modes. 

30 
14.  A  filter  as  claimed  in  Claim  13,  wherein  the  iris 

(48A)  has  the  form  of  a  cross. 

15.  A  filter  as  claimed  in  any  one  of  the  preceding 
claims,  wherein  there  is  a  plurality  of  electrical  35 
conductive  sheets  (44,  46)  the  filter  further  com- 
prising  means  (66,  64,  78)  electrically  connecting 
the  sheets  to  form  an  equipotential  surface  of  the 
plurality  of  sheets. 

8 
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claims,  wherein  a  spacing  between  neighbouring  conductive  sheets  (44,  46)  each  having  a  planar 
resonators  is  less  than  approximately  one-quar-  form  and  being  parallel  to  each  other, 
ter  wavelength  of  the  electromagnetic  signal  to 
avoid  generation  of  spurious  modes. 

5 
32.  A  filter  as  claimed  in  any  one  of  the  preceding 

claims,  wherein  spacing  between  the  resonators 
are  equal. 

33.  A  filter  as  claimed  in  any  one  of  the  preceding  10 
claims,  wherein  spacing  between  the  resonators 
vary  for  varying  a  coupling  of  power  among  the 
resonators. 

34.  Afilteras  claimed  in  Claim  1,  further  comprising  15 
dielectric  material  (58,60,62)  disposed  between 
the  sheets  and  the  resonators,  a  first  ground 
plane  (54)  and  a  second  ground  plane  (56)  dis- 
posed  transversely  to  said  axis  (52)  and  spaced 
apart  from  the  set  of  resonators  (38,  40,  42)  20 
which  resonators  are  located  between  first  and 
second  ground  planes,  the  first  resonator  (38) 
facing  the  first  ground  plane  (54)  and  the  second 
resonator  (42)  facing  the  second  ground  plane 
(56),  wherein  the  coupling  means  includes  a  cou-  25 
pling  element  (100)  positioned  for  coupling  elec- 
tromagnetic  power  to  a  point  on  said  one  resona- 
tor  (38)  which  coupling  element  excites  in  said 
one  resonator  a  first  mode  of  electromagnetic  vi- 
bration  in  a  reference  plane  (68)  defined  by  the  30 
axis  (52)  and  said  point,  said  one  resonator  com- 
prises  a  perturbation  (1  08)  distant  from  the  refer- 
ence  plane  for  inducing  a  second  mode  of  elec- 
tromagnetic  vibration  perpendicular  to  the  refer- 
ence  plane,  an  iris  (48)  in  one  of  the  sheets  (44)  35 
has  a  first  dimension  parallel  to  said  reference 
plane  and  a  second  dimension  perpendicular  to 
said  reference  plane,  the  first  and  second  dimen- 
sion  differing  in  length  for  a  differential  amount  of 
coupling  of  power  of  first  and  second  modes,  the  40 
coupling  means  further  comprises  a  second  cou- 
pling  element  (104)  positioned  for  coupling  power 
to  a  point  of  a  second  of  the  resonators  (40),  and 
a  spacing  between  neighbouring  resonators  is 
less  than  approximately  one-quarter  wavelength  45 
of  the  electromagnetic  signal  to  avoid  generation 
of  spurious  modes. 

35.  A  filter  as  claimed  in  Claim  34,  wherein  each  of 
the  resonators  is  fabricated  of  superconductor  50 
material. 

36.  A  filter  according  to  Claim  35,  wherein  there  is  a 
plurality  of  electrically  conductive  sheets  (44,  46) 
the  filter  further  comprising  means  (66,  64,  78)  55 
electrically  connecting  the  sheets  to  form  an 
equipotential  surface  of  the  plurality  of  sheets, 
the  resonators  (38,40,42)  and  the  electrically 

9 
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