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(54)  Simultaneous  coupling  bandpass  filter  and  method 

(57)  A  high-performance  bandpass  filter  is  pro- 
duced  by  adding  one  or  more  "simultaneous  couplings" 
(115;  121)  to  a  conventional  resonant  cavity  filter.  A 
"simultaneous  coupling"  (115;  121)  is  created  when  a 
filter's  input  (114)  or  output  (128)  signal,  normally  cou- 
pled  to  a  filter's  first  (100)  or  last  (106)  cavity  respec- 
tively,  is  coupled  to  one  or  more  other  cavities  (102, 
104).  Each  simultaneous  coupling  causes  a  finite-fre- 
quency  insertion  loss  pole  (170,  172;  180,  182;  190, 
194)  to  be  created,  which  produces  a  quasi-elliptic  fre- 
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quency  response  on  its  side  of  the  passband  (1  74;  1  84; 
192).  These  poles  may  be  placed  on  the  left  and/or  right 
sides  of  the  passband,  so  that  both  symmetric  and 
asymmtric  quasi-elliptic  frequency  responses  are  realiz- 
able.  A  diplexer  (24)  constructed  from  two  such  band- 
pass  filters  (26,  28)  has  the  extremely  sharp  selectivity 
provided  by  two  asymmetric  bandpass  filters,  thus  pro- 
viding  a  high  degree  of  receive/transmit  isolation. 
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Description 

BACKGROUND  OF  THE  INVENTION 

Field  of  the  Invention  5 

This  invention  relates  to  electromagnetic  resonant 
cavity  bandpass  filters,  and  more  specifically  to  cou- 
pling  structures  and  methods  used  to  make  high  per- 
formance  bandpass  filters  having  a  quasi-elliptic  10 
frequency  response. 

Description  of  the  Related  Art 

Resonant  cavity  bandpass  filters  are  used  in  satel-  is 
lite  communication  systems  operating  at  microwave  fre- 
quencies.  To  conserve  weight  and  power  aboard  a 
satellite,  a  single  antenna  is  often  used  to  simultane- 
ously  transmit  and  receive  a  plurality  of  individual  sig- 
nals  to  and  from  the  ground.  Each  signal  occupies  a  20 
narrow  band  of  frequencies  around  a  unique  carrier  fre- 
quency. 

A  bandpass  filter  ideally  allows  a  narrow  range  of 
frequencies  to  pass  through  it  unattenuated,  and  blocks 
out  all  other  frequencies.  This  narrow  range  of  frequen-  25 
cies  is  the  filter's  "passband.  "  A  satellite  communication 
system  uses  a  number  of  bandpass  filters,  with  each  fil- 
ter  having  a  unique  passband  corresponding  to  the  nar- 
row  band  of  frequencies  used  by  one  individual  signal. 
By  feeding  the  plurality  of  signals  received  by  the  30 
antenna  through  a  series  of  bandpass  filters,  the  individ- 
ual  signals  can  be  extracted.  Similarly,  signals  to  be 
transmitted  are  fed  to  a  series  of  bandpass  filters  to 
insure  that  each  signal  stays  within  a  narrow  band  of 
frequencies  allotted  to  that  signal.  35 

A  typical  satellite  communications  system  is  shown 
in  FIG.  1.  A  number  of  antenna  elements  10  share  one 
common  dish  12.  Connected  to  each  element  is  a 
"diplexer"24,  consisting  of  a  "receive  "filter  26,  used  to 
extract  a  single  signal  of  a  particular  carrier  frequency  40 
from  the  signals  received  by  the  antenna,  and  a 
"transmit  "filter  28  that  insures  that  a  signal  to  be  trans- 
mitted  by  the  antenna  is  within  its  allotted  narrow  fre- 
quency  band.  The  outputs  of  the  receive  filters  26  are 
processed  by  receiver  electronics  30.  Transmit  filters  28  45 
are  fed  by  transmitter  electronics  32. 

Such  a  system  is  typically  allotted  a  limited  band- 
width,  which  is  then  split  into  individual  data  channels, 
each  of  which  has  a  unique  bandwidth.  For  example,  a 
system  may  be  allotted  a  total  bandwidth  of  500  MHz,  so 
which  is  then  split  into  a  number  of  individual  data  chan- 
nels  each  having  a  bandwidth  of  about  36  MHz,  with 
about  a  5  MHz  "guard  band"  between  channels.  A 
guard  band  is  a  portion  of  bandwidth  that  is  left  unused 
to  help  keep  the  individual  signals  isolated.  55 

Resonant  cavity  bandpass  filters  are  constructed 
by  "coupling"  a  number  of  cavities  together  with  a  cer- 
tain  topology.  In  a  basic  bandpass  filter  as  shown  in  FIG. 

2,  an  input  signal  40  enters  a  first  cavity  42  through  a 
"main"  coupling  44,  propagates  sequentially  through 
second  46,  third  48  and  fourth  50  cavities  via  main  cou- 
plings  52,  54  and  56,  and  emerges  as  a  filtered  signal 
58  from  the  fourth  cavity  50  through  a  main  coupling  60. 
The  sizes  and  shapes  of  the  cavities,  the  materials  used 
to  construct  the  filter,  and  the  type  and  location  of  the 
couplings  all  affect  the  frequency  response.  An  aper- 
ture,  a  screw  going  between  cavities,  or  a  metal  element 
known  as  a  "probe"  that  protrudes  into  a  cavity  are  all 
examples  of  couplings.  Each  coupling  has  a  particular 
magnitude  and  phase  characteristic  associated  with  it. 
The  structure  shown  in  FIG.  2  is  known  as  a  "folded- 
ladder,  "  with  the  third  48  and  the  fourth  50  cavities  adja- 
cent  to  the  second  46  and  first  42  cavities,  respectively. 

As  shown  in  FIG.  3,  the  frequency  response  plot  of 
a  bandpass  filter  has  a  passband  portion  70  on  either 
side  of  a  carrier  frequency  fc  (71),  and  "skirt"  portions 
72,  74,  i.e.  the  transition  regions  on  either  side  of  the 
passband.  Bandpass  filters  used  in  a  diplexer  preferably 
have  skirts  that  are  "sharp,"  in  which  the  frequency 
response  curve  drops  or  "cuts-off  "  rapidly  on  either  side 
of  the  passband.  Sharper  skirts  permit  adjacent  data 
channels  to  be  placed  closer  together,  and  thus  a 
greater  number  of  data  channels  can  be  fit  within  an 
allotted  frequency  spectrum.  The  frequency  response  in 
FIG.  3  is  for  a  basic  bandpass  filter  having  four  cavities 
as  shown  in  FIG.  2.  Such  a  filter  produces  a  frequency 
response  as  described  by  the  Chebyshev  approxima- 
tion,  in  which  the  number  of  cavities  determines  the 
order  of  the  Chebyshev  polynomial,  and  thus  the 
number  of  humps  in  the  passband  70.  Monotonic  skirts 
72,  74,  providing  a  gently  sloping  cut-off,  are  also  char- 
acteristic  of  this  type  of  filter.  Filters  producing  a  Cheby- 
shev  response  are  discussed  in  D.  Fink  and  D. 
Christiansen,  Electronic  Engineer's  Handbook. 
McGraw-Hill  Inc.  (1989),  pp.  12-5  through  12-8. 

One  method  of  sharpening  a  bandpass  filter's  skirts 
is  by  adding  additional  cavities;  in  general,  the  more 
cavities  a  signal  must  propagate  through,  the  sharper 
the  skirts  will  be.  However,  adding  cavities  will  add 
weight  and  size  to  the  filter,  and  may  also  introduce  sig- 
nal  losses.  These  effects  are  unwanted  aboard  a  satel- 
lite. 

Another  method  to  increase  the  sharpness  of  a 
bandpass  filter's  skirts  is  to  add  an  additional  coupling 
to  the  filter  that,  for  example,  couples  the  first  cavity  to 
the  fourth  cavity.  This  is  known  as  a  "bridge"  coupling. 
Adding  bridge  couplings  to  a  resonant  cavity  filter  will 
cause  one  or  more  finite-frequency  insertion  loss  poles 
to  appear  in  the  filter's  frequency  response,  and  will 
convert  the  response  from  a  Chebyshev  approximation 
to  one  resembling  an  elliptic  approximation,  referred  to 
herein  as  "quasi-elliptic.  "  This  type  of  response  is  char- 
acterized  by  a  sharper  cut-off  on  the  side  of  the  pass- 
band  on  which  a  pole  lies,  and  ripples  in  the  region  just 
beyond  the  sharpened  skirt.  Filters  having  responses 
that  correspond  to  an  elliptic  approximation  are  dis- 
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cussed  in  D.  Fink  and  D.  Christiansen,  Electronic  Engi- 
neer's  Handbook.  McGraw-Hill  Inc.  (1989),  pp.  12-29 
through  12-30.  Thus,  the  use  of  bridge  couplings  can 
produce  a  frequency  response  with  sharper  skirts  with- 
out  adding  cavities.  However,  a  bridge  coupling  is  in  the  5 
direct  path  of  a  propagating  signal.  This  makes  the 
phase  characteristic  of  the  coupling  critical  to  the  filter's 
frequency  response,  and  the  location  of  the  poles  is 
strongly  dependent  on  the  filter's  main  couplings.  These 
factors  make  finite-frequency  insertion  loss  poles  ere-  w 
ated  with  bridge  couplings  extremely  difficult  to  control. 

A  bandpass  filter's  frequency  response  can  be 
"symmetric,  "  in  which  the  skirts  on  the  left  and  right  side 
of  the  passband  have  an  equal  rate  of  change,  or 
"asymmetric,"  in  which  one  skirt  is  sharper  than  the  is 
other.  Both  symmetric  and  asymmetric  frequency 
responses  can  be  realized  with  resonant  cavity  band- 
pass  filters.  In  some  situations,  however,  such  as  in  a 
diplexer  application  as  discussed  above,  it  is  not  neces- 
sary  to  have  a  symmetric  response.  FIG.  4  shows  a  fre-  20 
quency  response  80  for  a  receive  filter  of  a  diplexer,  as 
well  as  a  response  82  for  a  transmit  filter.  For  a  diplexer, 
in  which  two  filters  share  a  common  antenna  element,  it 
is  only  necessary  that  the  skirts  be  sharp  in  the 
"overlap  "  area  84  between  the  bandwidth  86  allotted  for  25 
the  received  signal  and  the  bandwidth  88  allotted  for  the 
transmitted  signal,  to  keep  a  signal  transmitted  by  the 
shared  element  isolated  from  a  signal  received  by  the 
element.  An  asymmetric  frequency  response  is  shown 
for  each  of  the  two  filters,  but  two  filters  having  a  sym-  30 
metric  frequency  response  could  provide  the  needed 
isolation  as  well.  However,  for  a  symmetric  response  fil- 
ter  to  provide  the  same  degree  of  skirt  sharpness  in  the 
overlap  area  as  can  be  provided  by  an  asymmetric 
response  filter,  additional  cavities  or  bridge  couplings  35 
must  be  used.  However,  bridge  couplings  and  additional 
cavities  introduce  problems  as  discussed  above,  and 
should  be  avoided  if  possible. 

A  type  of  bridge  coupling  referred  to  as  a  "diagonal 
coupling  "  has  been  used  to  produce  bandpass  filters  40 
with  either  symmetric  or  asymmetric  quasi-elliptic  fre- 
quency  responses,  and  is  described  in  Young,  et  al., 
U.S.  Patent  No.  4,410,865  "Spherical  Cavity  Microwave 
Filter.  "  This  technique  suffers  from  the  same  problems 
as  the  bridge  couplings  described  above,  producing  45 
finite-frequency  insertion  loss  poles  that  are  difficult  to 
control,  because  they  are  strongly  dependent  on  the 
behavior  of  the  main  couplings. 

Satellite  communication  systems  require  "high 
performance"  bandpass  filters.  A  high  performance  so 
bandpass  filter  is  one  in  which  a  signal  within  the  filter's 
passband  is  distorted  and  attenuated  only  slightly,  if  at 
all,  as  it  passes  through  the  filter,  and  signals  outside  of 
the  passband  are  sharply  attenuated.  This  performance 
is  critical  for  use  on  a  satellite,  for  example,  where  low-  ss 
loss  bandpass  filters  help  minimize  power  consumption, 
and  sharply  defined  passbands  allow  the  satellite  to 
handle  more  channels  of  data.  It  is  also  desirable  that 

such  filters  be  as  lightweight  and  compact  as  possible. 

SUMMARY  OF  THE  INVENTION 

A  novel  filter  topology  is  presented  that  provides  a 
simple,  mechanical  means  of  constructing  high  per- 
formance  bandpass  filters  that  have  quasi-elliptic  fre- 
quency  responses.  The  invention  is  useful  for  filters 
operating  in  the  microwave  portion  of  the  frequency 
spectrum,  in  which  resonant  cavities  are  coupled 
together  to  form  a  bandpass  filter.  Such  filters  are  used 
in  satellite  communication  systems,  for  example. 

A  high  performance  bandpass  filter  is  produced  by 
adding  one  or  more  "simultaneous  couplings  "to  a  con- 
ventional  multiple  cavity  bandpass  filter.  A  "simultane- 
ous  coupling"  as  defined  herein  is  created  when  a 
filter's  input  signal,  normally  coupled  to  the  filter's  first 
cavity,  is  coupled  to  one  or  more  other  cavities  as  well, 
so  that  the  input  signal  is  simultaneously  coupled  to 
both  the  first  cavity  and  the  other  cavities.  A  simultane- 
ous  coupling  is  also  created  when  a  filter's  output  sig- 
nal,  normally  coupled  to  the  filter's  last  cavity,  is  coupled 
to  one  or  more  other  cavities.  Each  simultaneous  cou- 
pling  added  to  a  filter  structure  will  cause  a  finite-fre- 
quency  insertion  loss  pole  to  be  created.  This  pole  has 
a  frequency  that  is  adjustable  and  can  be  located  on 
either  side  of  the  passband,  and  converts  a  frequency 
response  having  monotonic  skirts  to  one  that  is  quasi- 
elliptic  on  its  side  of  the  passband. 

A  preferred  bandpass  filter  features  four  cavities  in 
a  folded-ladder  structure,  with  one  simultaneous  cou- 
pling  which  couples  the  input  signal  to  both  the  first  and 
second  cavities,  and  one  simultaneous  coupling  which 
couples  the  output  signal  to  both  the  third  and  fourth 
cavities.  These  two  simultaneous  couplings  produce 
respective  finite-frequency  insertion  loss  poles.  The 
phase  characteristic  of  a  simultaneous  coupling  imple- 
mented  per  the  present  invention  is  simply  positive  or 
negative.  By  manipulating  the  sign  of  the  simultaneous 
coupling's  phase  characteristic,  it  may  be  placed  on  the 
left  or  the  right  side  of  the  passband,  as  desired.  By 
placing  both  finite-frequency  insertion  loss  poles  on  one 
side  of  the  passband,  an  asymmetric  quasi-elliptic  fre- 
quency  response  is  attained.  A  symmetric  frequency 
response  may  be  achieved  by  placing  one  pole  on  each 
side  of  the  passband. 

A  high  performance  diplexer  is  built  from  two  band- 
pass  filters  which  feature  simultaneous  couplings.  Pref- 
erably,  one  filter  has  an  asymmetric  response  that  is 
sharply  cut-off  on  the  right  side  of  its  passband,  and  the 
second  filter  has  an  asymmetric  response  that  is 
sharply  cut-off  on  the  left  side  of  its  passband,  with  the 
two  passbands  separated  by  a  small  guard  band.  The 
extremely  sharp  selectivity  provided  by  the  two  asym- 
metric  bandpass  filters  provides  a  high  degree  of 
receive/transmit  isolation. 

More  finite-frequency  insertion  loss  poles  can  be 
added,  resulting  in  ever  sharper  skirts,  by  using  addi- 
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tional  simultaneous  couplings.  For  example,  an  input 
signal  may  be  simultaneously  coupled  to  four  cavities  of 
an  eight  cavity  filter  structure,  producing  four  finite-fre- 
quency  insertion  loss  poles. 

Further  features  and  advantages  of  the  invention 
will  be  apparent  to  those  skilled  in  the  art  from  the  fol- 
lowing  detailed  description,  taken  together  with  the 
accompanying  drawings. 

DESCRIPTION  OF  THE  DRAWINGS 

FIG.  1  ,  described  above,  is  a  block  diagram  of  a 
conventional  satellite  communications  system. 

FIG.  2,  described  above,  is  a  simplified  schematic 
of  a  conventional  basic  bandpass  filter. 

FIG.  3,  described  above,  is  a  plot  of  a  conventional 
bandpass  filter's  frequency  response. 

FIG.  4,  described  above,  is  a  plot  of  a  conventional 
diplexer's  frequency  response. 

FIG.  5  is  a  simplified  schematic  of  a  bandpass  filter 
with  simultaneous  couplings  in  accordance  with  the 
present  invention. 

FIG.  6  is  a  simplified  schematic  indicating  the  paths 
a  signal  may  follow  through  the  bandpass  filter  shown  in 
FIG.  5. 

FIG.  7  is  a  perspective  view  of  an  eight-cavity  band- 
pass  filter  using  simultaneous  couplings  in  accordance 
with  the  present  invention. 

FIGS.  8,  9,  and  10  are  frequency  response  plots 
that  may  be  achieved  with  the  bandpass  filter  shown  in 
FIG.  5. 

FIG.  1  1  is  a  plot  of  a  frequency  response  produced 
by  a  diplexer  using  two  bandpass  filters  as  shown  in 
FIG.  5 

DETAILED  DESCRIPTION  OF  THE  INVENTION 

A  novel  bandpass  filter  topology  is  presented  for 
creating  lightweight,  compact,  high  performance  band- 
pass  filters.  The  invention  attains  these  goals  with  the 
use  of  "simultaneous  couplings,  "which  enable  the  real- 
ization  of  finite-frequency  insertion  loss  poles  that  are 
nearly  independent  of  the  filter's  main  couplings.  By 
properly  adjusting  these  couplings,  both  asymmetric 
and  symmetric  high  performance  bandpass  filters  can 
be  built. 

A  preferred  bandpass  filter  featuring  simultaneous 
couplings  is  shown  in  FIG.  5.  The  filter  has  first  100, 
second  1  02,  third  1  04  and  fourth  1  06  resonant  cavities 
coupled  together  in  a  folded-ladder  structure,  with  the 
third  and  fourth  cavities  adjacent  to  the  second  and  first 
cavities,  respectively.  The  filter  has  main  couplings, 
preferably  in  the  form  of  apertures,  with  a  first  main  cou- 
pling  108  between  the  first  and  second  cavities,  a  sec- 
ond  main  coupling  110  between  the  second  and  third 
cavities,  and  a  third  main  coupling  112  between  the 
third  and  fourth  cavities.  An  input  signal  114  is  applied 
to  an  input  coupling  1  15  at  the  juncture  of  cavities  100 

and  102.  Coupling  115  is  comprised  of  a  transmission 
line  116  with  a  center  conductor  117,  and  two  metallic 
probes  118,  120.  The  two  probes  118,  120  are  joined 
together  at  one  end,  and  this  junction  is  connected  to 

5  the  center  conductor  1  1  7.  The  other  end  of  probe  1  1  8 
protrudes  into  the  first  cavity  100,  and  the  other  end  of 
probe  120  protrudes  into  the  second  cavity  102.  The 
input  signal  1  1  4  travels  down  the  center  conductor  1  1  7 
of  the  transmission  line  1  16  and  into  both  probes  118, 

10  120,  and  is  thus  coupled  into  both  the  first  and  second 
cavities  simultaneously;  coupling  115  is  therefore 
referred  to  as  a  simultaneous  coupling.  A  "simultaneous 
coupling  "  as  used  herein  exists  if  a  filter's  input  signal  is 
coupled  to  any  cavity  in  addition  to  the  first,  or  if  the  f  il- 

15  ter's  output  signal  is  coupled  to  any  cavity  in  addition  to 
the  last. 

The  output  side  of  the  filter  is  similarly  constructed. 
Simultaneous  coupling  121  comprises  a  transmission 
line  122  with  a  center  conductor  123  connected  to  two 

20  probes  124,  126  joined  to  the  center  conductor  at  one 
end.  Probe  124  protrudes  into  the  third  cavity  104,  and 
probe  126  protrudes  into  the  fourth  cavity  106.  The  fil- 
ter's  output  signal  128  is  thus  coupled  to  both  third  and 
fourth  cavities  simultaneously. 

25  Due  to  the  presence  of  probe  1  20,  two  signal  paths 
are  created  for  the  input  signal  1  14.  As  shown  in  FIG.  6, 
the  first  signal  path  140  takes  the  signal  sequentially 
through  the  cavities,  entering  the  first  cavity  100  via 
probe  1  18  and  exiting  the  last  cavity  106  via  probe  126. 

30  This  path  provides  a  basic  Chebyshev  bandpass  filter 
frequency  response,  with  monotonic  skirts.  The  second 
signal  path  142  couples  the  input  signal  1  14  to  the  sec- 
ond  cavity  102  via  probe  120.  When  the  input  signal  is 
coupled  to  the  second  cavity  in  this  way,  a  finite-fre- 

35  quency  insertion  loss  pole  is  created.  The  frequency  at 
which  the  pole  is  created  is  adjustable  (as  described 
below),  and  can  be  placed  on  either  side  of  the  pass- 
band.  By  placing  a  pole  at  the  edge  of  the  filter's  pass- 
band,  a  much  sharper  skirt  is  produced  than  is  provided 

40  by  the  first  path  1  40  alone.  The  pole  is  created  because 
the  second  cavity  rejects  the  input  signal  at  the  pole  fre- 
quency,  due  to  the  second  cavity's  simultaneous  reso- 
nance  behavior.  This  effect  provides  what  is  essentially 
a  notch  filter  function  at  the  pole  frequency.  The  input 

45  signal  is  rejected  almost  immediately  upon  entering  the 
second  cavity,  and  is  therefore  not  in  the  direct  path  of 
signal  propagation,  as  is  the  case  with  bridge  and  diag- 
onal  bridge  couplings.  As  a  result,  the  placement  of  the 
pole  is  nearly  independent  of  the  filter's  main  couplings, 

so  as  opposed  to  the  strong  dependence  exhibited  by 
bridge  couplings.  When  the  notch-like  function  caused 
by  the  simultaneous  coupling  is  combined  with  the 
Chebyshev  frequency  response  of  the  first  path,  a 
quasi-elliptic  frequency  response  results,  with  a  very 

55  sharp  skirt  on  the  side  of  the  passband  in  which  the 
finite-frequency  insertion  loss  pole  lies. 

Similarly,  the  addition  of  probe  1  24  provides  a  sec- 
ond  path  1  44  for  the  filter's  output  signal  1  28.  The  first 

4 
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path  140  takes  the  propagating  signal  through  the  third 
cavity  104  and  fourth  cavity  106,  where  it  is  coupled  to 
the  outside  of  the  filter  via  probe  1  26  and  becomes  the 
filter's  output  signal  128.  Probe  124  couples  the  output 
signal  into  the  third  cavity  104,  creating  a  finite-fre- 
quency  insertion  loss  pole  at  a  particular  frequency. 
This  pole  has  the  same  advantageous  features  as  that 
created  by  probe  120:  it  is  nearly  independent  of  the 
main  couplings,  and  may  be  adjusted  so  that  it  is 
located  on  the  edge  of  the  filter's  passband. 

Only  one  such  finite-frequency  insertion  loss  pole 
need  be  created  to  improve  the  sharpness  of  the  fre- 
quency  response  on  one  side  of  the  passband.  Thus,  a 
filter  featuring  just  one  simultaneous  coupling  will  signif- 
icantly  improve  filter  performance.  Additional  finite-fre- 
quency  insertion  loss  poles  are  desirable,  however,  as 
each  pole  further  improves  the  sharpness  of  the 
response.  The  embodiment  of  the  filter  shown  in  FIG.  5 
provides  two  simultaneous  couplings,  and  thus  two 
poles.  By  using  more  than  two  simultaneous  couplings, 
ever  greater  improvements  in  performance  are  possible. 
Realizing  such  a  filter  may  be  more  difficult  than  the  rel- 
atively  straightforward  four-cavity/two  simultaneous 
coupling  filter  described  above,  however. 

FIG.  7  shows  an  eight-cavity  filter  structure  in  which 
a  second  four-cavity  folded-ladder  layer  has  been 
placed  atop  a  first  four-cavity  layer,  forming  a  cube- 
shaped  structure.  Main  couplings  link  the  eight  cavities 
in  sequence.  The  input  signal  1  50  is  coupled  to  first  1  52, 
second  154,  third  156  and  fourth  158  cavities  via  a 
simultaneous  input  coupling  159  which  comprises  a 
transmission  line  160  with  a  center  conductor  161,  with 
the  center  conductor  connected  to  four  probes  1  62.  This 
simultaneous  coupling  160  produces  six  finite-fre- 
quency  insertion  loss  poles  that  are  nearly  independent 
of  the  filter's  main  couplings. 

It  is  preferred  that  a  simultaneous  coupling  as  dis- 
cussed  herein  be  implemented  with  couplings  that  are 
internal  to  the  cavities.  An  internal  coupling  has  essen- 
tially  no  line  length  associated  with  it,  and  thus  a  signal 
simultaneously  coupled  into  a  cavity  is  simply  either  in- 
phase  or  out-of-phase  with  the  signal  propagated 
through  that  cavity.  A  simultaneous  coupling  may  be 
achieved  with  an  external  connection,  but  extremely 
close  attention  must  then  be  paid  to  the  length  of  the 
external  line  to  avoid  the  creation  of  spurious  pass- 
bands. 

As  long  as  the  probes  are  internal  to  the  cavities, 
this  simple  phase  relationship  will  be  maintained.  The 
probes'  length,  shape,  angle  and  conductivity  of  mate- 
rial  will,  however,  affect  the  magnitude  characteristic  of 
the  coupling,  and  must  be  taken  into  account  when 
designing  and  building  the  filter. 

An  asymmetric  frequency  response  is  created 
when  more  finite-frequency  insertion  loss  poles  are  on 
one  side  of  the  passband  than  the  other.  For  the  first  fil- 
ter  embodiment  described  above,  placing  the  two  poles 
created  by  probes  120  and  124  (referring  to  FIG.  5)  on 

the  same  side  of  the  passband  creates  an  asymmetric 
response.  This  type  of  response  is  shown  in  FIG.  8.  The 
two  finite-frequency  insertion  loss  poles  1  70,  1  72  are  on 
the  left  side  of  the  passband  174,  making  the  left  side 

5  skirt  176  much  sharper  than  the  right  side  skirt  178. 
FIG.  9  shows  a  similar  response,  but  with  the  two  poles 
180,  182  adjusted  to  fall  on  the  right  side  of  the  pass- 
band  184.  FIG.  10  shows  a  symmetric  frequency 
response,  in  which  one  finite-frequency  loss  pole  190  is 

10  adjusted  to  fall  on  the  left  side  of  the  passband  1  92,  and 
one  194  is  adjusted  to  fall  on  the  right  side.  Placing  one 
pole  on  each  side  of  the  passband  will  sharpen  the 
passband's  skirts  and  produce  a  quasi-elliptic 
response,  but  will  not  produce  skirts  as  sharp  as  would 

15  be  provided  with  two  poles  on  one  side.  Each  of  the  fre- 
quency  responses  shown  in  FIGS.  8,  9,  and  10  are 
attainable  with  the  first  embodiment  of  the  bandpass  fil- 
ter  described  above. 

Filters  built  per  the  present  invention  have  demon- 
20  strated  excellent  performance.  A  four-cavity  bandpass 

filter  with  two  simultaneous  couplings  had  a  passband 
that  was  about  40  MHz  wide  around  a  carrier  frequency 
of  1  .64  GHz,  with  the  two  finite-frequency  insertion  loss 
poles  created  by  the  simultaneous  couplings  placed  on 

25  the  left  side  of  the  passband  in  the  vicinity  of  the  pass- 
band  edge,  both  poles  being  greater  than  90  db  below 
the  passband.  Similar  results  have  been  obtained  for  fil- 
ters  in  which  both  poles  are  placed  on  the  right  side  of 
the  passband.  A  filter  adjusted  to  provide  symmetric 

30  response  had  a  bandwidth  of  about  40  MHz  around  a 
1  .64  GHz  carrier  frequency,  with  one  pole  on  each  side 
of  the  passband  in  the  vicinity  of  the  passband  edge. 

To  construct  a  filter  using  finite-frequency  insertion 
loss  poles  created  with  simultaneous  couplings  as  pro- 

35  vided  by  the  present  invention,  the  desired  bandpass 
characteristics  of  the  filter  are  first  defined.  A  network 
topology  matrix  is  then  prepared  which  describes  the 
association  of  all  loop  currents  and  node  voltages  of  a 
network  by  means  of  a  complex  matrix  equation.  The 

40  solution  of  this  complex  matrix  equation  allows  the  filter 
designer  to  determine  whether  or  not  the  filter  transfer 
function  satisfies  the  desired  bandpass  characteristics. 
The  entries  of  this  matrix,  representing  a  set  of  simulta- 
neous  linear  equations  and  linking  the  circuit  loop  cur- 

45  rents  with  the  node  voltages,  contain  the  coupling 
coefficients  of  all  the  defined  coupling  paths.  The  solu- 
tion  of  this  complex  matrix  equation  provides  all  the  filter 
design  elements,  including  the  amplitude  and  phase  of 
each  coupling  coefficient.  This  filter  design  procedure  is 

so  well-known  in  the  field,  and  is  described  in  I.  Bahl  and  P. 
Bhartia,  Microwave  Solid  State  Circuit  Design.  John 
Wiley  &  Sons  (1  988),  pp.  271  -276.  A  computer  program 
using  numerical  optimization  techniques  may  be  used 
to  determine  a  solution  to  the  complex  matrix  equation. 

55  When  a  solution  has  been  obtained,  a  filter  based  on  it 
may  be  constructed  using  conventional  techniques.  The 
sizes  and  shapes  of  the  cavities,  the  materials  used  to 
build  the  filter,  and  the  physical  characteristics  of  each 

5 
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coupling  all  affect  the  filter's  frequency  response. 
A  coupling  coefficient  describes  a  coupling's  mag- 

nitude  and  phase  characteristics,  which  are  affected  by 
many  factors,  such  as  a  coupling's  type,  size,  and 
shape.  For  the  simultaneous  couplings  of  the  first  filter  s 
embodiment  described  above  in  connection  with  FIG.  5, 
the  phase  characteristic  is  simply  either  "positive,"  i.e. 
in-phase  with  the  main  couplings,  or  "negative,  "  i.e.  out- 
of-phase  with  the  main  couplings,  depending  on  the  fac- 
tors  mentioned  above.  This  positive  or  negative  phase  10 
characteristic  determines  on  which  side  of  the  pass- 
band  a  particular  finite-frequency  insertion  loss  pole  will 
be  located.  Assume  the  filter's  main  couplings  are  posi- 
tive  value  quantities.  If  the  phase  characteristic  for  both 
simultaneous  couplings  is  negative,  then  the  two  finite-  15 
frequency  insertion  loss  poles  will  lie  on  the  right  side  of 
the  passband,  producing  an  asymmetric  frequency 
response,  with  the  right  side  skirt  much  sharper  than  the 
left  side  skirt.  If  both  simultaneous  couplings  have  a 
positive  phase  characteristic,  the  two  poles  will  lie  on  20 
the  left  side  of  the  passband,  also  producing  an  asym- 
metric  response.  If  one  simultaneous  coupling  has  a 
positive  phase  characteristic  and  one  has  a  negative 
phase  characteristic,  one  finite-frequency  insertion  loss 
pole  will  lie  on  each  side  of  the  passband,  producing  a  25 
symmetric  frequency  response.  Each  of  these  possible 
responses  will  be  quasi-elliptic  on  the  side  of  the  pass- 
band  in  which  the  poles  lie. 

A  diplexer  is  constructed  using  two  bandpass  filters, 
in  which  one  filter  has  a  response  as  shown  in  FIG.  8  30 
and  the  second  filter  has  a  response  as  shown  in  FIG. 
9.  FIG.  11  shows  this  combination  of  frequency 
responses  for  a  properly  designed  diplexer.  The  receive 
filter  is  designed  to  provide  a  passband  200  around  car- 
rier  frequency  fci  (202)  and  has  two  insertion  loss  poles  35 
204,  206  located  to  the  right  side  of  its  passband  200  to 
provide  the  necessary  sharpness  and  asymmetry.  The 
transmit  filter  provides  a  passband  210  around  carrier 
frequency  fc2  (212),  which  is  typically  as  close  to  fc1  as 
the  filters  permit,  and  locates  its  poles  214,  216  to  the  40 
left  side  of  the  passband.  These  responses  may  be  pro- 
vided  by  a  diplexer  constructed  from  two  four-cavity  fil- 
ters,  each  having  two  simultaneous  couplings  as 
discussed  above.  The  diplexer  offers  excellent  isolation 
between  transmitted  and  received  signals,  as  is  needed  45 
for  a  diplexer  connected  to  the  same  antenna  element 
for  both  transmission  and  reception,  and  low  distortion 
and  attenuation  in  the  passband  regions.  Use  of  a 
diplexer  with  these  characteristics  enables  the  commu- 
nications  payloads  aboard  an  orbiting  satellite  to  use  so 
only  a  single  aperture  antenna,  a  significant  cost  advan- 
tage,  while  satisfying  both  receive  and  transmit  func- 
tions. 

While  particular  embodiments  of  the  invention  have 
been  shown  and  described,  numerous  variations  and  ss 
alternate  embodiments  will  occur  to  those  skilled  in  the 
art  Accordingly,  it  is  intended  that  the  invention  be  lim- 
ited  only  in  terms  of  the  appended  claims. 

Claims 

1  .  A  bandpass  filter,  comprising  : 

a  plurality  of  resonant  cavities  (100-106;  152- 
158),  an  input  coupling  (118;  162),  an  output 
coupling  (126)  and  at  least  one  main  coupling 
(108,  110,  112),  said  cavities  (100-106;  152- 
158)  coupled  together  such  that  an  input  signal 
(114;  150)  enters  a  first  cavity  (100;  152) 
through  said  input  coupling  (118;  162),  propa- 
gates  through  said  first  cavity  (100;  152)  and 
into  a  second  cavity  (102;  154)  through  one 
(108)  of  said  main  couplings,  continuous  to 
propagate  sequentially  through  intervening 
cavities  (156,  158),  a  next-to-last  cavity  (104) 
and  a  last  cavity  (1  06)  via  said  main  couplings 
(110,  112)  before  exiting  from  said  last  cavity 
(106)  through  said  output  coupling  (126)  as  an 
output  signal  (128),  said  coupled  resonant  cav- 
ities  (100-106;  152-158)  forming  said  band- 
pass  filter,  characterized  by 
at  least  one  additional  coupling  (120,  124; 
162),  wherein  each  additional  coupling  (120, 
124;  162)  either  connects  said  input  signal 
(114;  150)  to  one  other  cavity  (102;  154-158) 
besides  said  first  cavity  (100;  152)  such  that 
said  input  signal  (114;  150)  is  simultaneously 
coupled  to  both  said  first  (100;  152)  and  said 
other  cavity  (102;  154-158),  or  connects  said 
output  signal  (128)  to  one  other  cavity  (104) 
besides  said  last  cavity  (106)  such  that  said 
output  signal  (128)  is  simultaneously  coupled 
to  both  said  last  (106)  and  said  other  cavity 
(104),  each  additional  coupling  (120,  124;  162) 
producing  a  finite-frequency  insertion  loss  pole 
(170,  172;  180,  182;  190,  194;  204,  206;  214, 
216)  in  the  bandpass  filter's  frequency 
response. 

2.  The  bandpass  filter  of  claim  1  ,  characterized  in  that 
said  frequency  response  includes  a  passband  por- 
tion  (174;  184;  192;  200;  210)  and  said  filter 
includes  at  least  one  of  said  additional  couplings 
(120,  124;  162),  said  additional  couplings  (120, 
124;  162)  configured  to  produce  respective  finite- 
frequency  insertion  loss  poles  (170,  172;  180,  182; 
190,  194;  204,  206;  214,  216)  such  that  either  an 
unequal  number  of  said  loss  poles  (170,  172;  180, 
182;  204,  206;  214,  216)  lie  on  the  left  and  right 
side  of  said  passband  portion  (174;  184;  200;  210) 
and  creating  an  asymmetric  passband  filter  with  a 
quasi-elliptic  frequency  response,  or  an  equal 
number  of  said  loss  poles  (190,  194)  lie  on  the  left 
and  right  side  of  said  passband  portion  (192)  and 
creating  a  symmetric  bandpass  filter  with  a  quasi- 
elliptic  frequency  response. 

6 
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3.  The  bandpass  filter  of  claim  1  or  claim  2,  character- 
ized  by: 

first  (100),  second  (102),  third  (104)  and  fourth 
(106)  resonant  cavities  and  three  main  cou-  s 
plings  (108,  110,  112),  said  cavities  (100-106) 
coupled  together  such  that  said  input  signal 
(1  1  4)  enters  said  first  cavity  (1  00)  through  said 
input  coupling  (118),  propagates  through  said 
first,  second,  third  and  fourth  cavities  (100-106)  10 
sequentially  via  said  main  couplings  (108,  110, 
112),  and  exits  from  said  fourth  cavity  (106) 
through  said  output  coupling  (126)  as  said  out- 
put  signal  (128),  said  cavities  (100-106)  form- 
ing  said  bandpass  filter  having  a  frequency  is 
response  which  includes  a  passband  portion 
(174;  184;  192;  200;  210)  and  a  skirt  portion 
(1  76,  1  78)  on  either  side  of  said  passband  por- 
tion  (174;  184;  192;  200;  210), 
a  first  additional  coupling  (1  20)  which  connects  20 
said  input  signal  (114)  to  said  second  cavity 
(102)  so  that  said  input  signal  (1  14)  is  coupled 
to  both  said  first  (100)  and  second  (102)  cavi- 
ties  creating  a  first  simultaneous  coupling 
(115)  ,  and  a  second  additional  coupling  (124)  25 
which  connects  said  output  signal  (128)  to  said 
third  cavity  (104)  so  that  said  output  signal 
(128)  is  coupled  to  both  said  third  (104)  and 
fourth  (106)  cavities  creating  a  second  simulta- 
neous  coupling  (121),  whereby  each  of  said  30 
additional  couplings  (115,  121)  produces  one 
finite-frequency  insertion  loss  pole  (170,  172; 
180,  182;  190,  194;  204,  206;  214,  216),  each 
of  said  finite-frequency  insertion  loss  poles 
sharpening  the  skirt  portion  (176,  178)  of  said  35 
frequency  response  on  the  side  of  the  pass- 
band  (174;  184;  192;  200;  210)  on  which  said 
pole  (170,  172;  180,  182;  190,  194;  204,  206; 
214,  216)  lies. 

40 
4.  The  bandpass  filter  of  claim  3,  characterized  in  that 

said  first  (120)  and  second  (124)  additional  cou- 
plings  produce  respective  finite-frequency  insertion 
loss  poles  (170,  172;  180,  182;  190,  194;  204,  206; 
214,  216)  such  that  either  both  of  said  poles  (170,  45 
172;  180,  182;  214,  216)  are  on  the  same  side  of 
said  passband  (174;  184;  200;  210)  and  producing 
an  asymmetric  quasi-elliptic  frequency  response,  or 
one  (190)  of  said  finite-frequency  insertion  loss 
poles  is  on  the  left  side  of  said  passband  (1  22)  and  so 
the  other  (194)  of  said  poles  is  on  the  right  side  of 
said  passband  (192),  said  poles  (190,  194)  produc- 
ing  a  symmetric  quasi-elliptic  frequency  response. 

5.  The  bandpass  filter  of  claim  3  or  4,  characterized  in  55 
that  said  cavities  (100-106)  are  arranged  in  a 
folded-ladder  structure  with  said  third  (104)  and 
fourth  (106)  cavities  adjacent  to  said  second  (102) 

and  first  (100)  cavities,  respectively. 

6.  The  bandpass  filter  of  any  of  claims  3  -  5,  character- 
ized  in  that  said  first  simultaneous  coupling  (115) 
includes  one  metallic  probe  (118)  protruding  into 
said  first  cavity  (100)  and  another  metallic  probe 
(120)  protruding  into  said  second  cavity  (102),  and 
said  second  simultaneous  coupling  (121)  includes 
one  metallic  probe  (124)  protruding  into  said  third 
cavity  (124)  and  another  metallic  probe  (126)  pro- 
truding  into  said  fourth  cavity  (106),  and  wherein 
said  main  couplings  (108,  1  10,  1  12)  comprise  aper- 
tures. 

7.  The  bandpass  filter  of  any  of  claims  3  -  6,  character- 
ized  in  that  said  filter  operates  in  the  microwave  por- 
tion  of  the  frequency  spectrum. 

8.  A  diplexer  (24),  characterized  by: 

an  antenna  feed  element, 
a  first  resonant  cavity  bandpass  filter  (26)  con- 
nected  at  one  end  to  said  antenna  feed  ele- 
ment  for  filtering  received  signals, 
a  second  resonant  cavity  bandpass  filter  (28) 
connected  at  one  end  to  said  antenna  feed  ele- 
ment  for  filtering  signals  to  be  transmitted,  each 
of  said  filters  (26,  28)  providing  a  unique  pass- 
band  (200,  210)  and  using  at  least  one  simulta- 
neous  coupling  (1  15,  121)  to  create  respective 
finite-frequency  insertion  loss  poles  (204,  206, 
214,  216),  said  poles  giving  each  filter  an 
asymmetric,  quasi-elliptic  frequency  response, 
whereby  said  asymmetric  quasi-elliptic  fre- 
quency  responses  provided  by  said  simultane- 
ous  couplings  (115,  121)  allow  the  passbands 
(200,  210)  to  be  closer  together  than  without 
the  use  of  simultaneous  couplings  (115,  121), 
providing  the  diplexer  (24)  with  improved 
receive/transmit  isolation. 

9.  A  satellite  communication  system,  comprising: 

a  satellite  positioned  in  orbit  around  the  earth, 
an  antenna  (12)  aboard  said  satellite  for  trans- 
mitting  signals  to  the  earth  and  receiving  sig- 
nals  from  the  earth, 
a  plurality  of  antenna  feed  elements  (10),  each 
of  said  elements  (10)  feeding  signals  to  said 
antenna  (12)  and  receiving  signals  from  said 
antenna  (12),  and  a  plurality  of  diplexers  (24) 
according  to  claim  8. 

10.  A  method  of  producing  finite-frequency  insertion 
loss  poles  (170,  172;  180,  182;  190,  194;  204,  206; 
214,  216)  in  a  bandpass  filter  frequency  response, 
comprising  the  steps  of: 
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coupling  an  input  signal  (114;  150)  into  a  first 
resonant  cavity  (100;  152), 
propagating  said  signal  (114;  150)  sequentially 
through  a  series  of  resonant  cavities  (100-106; 
152-158),  5 
coupling  said  signal  from  a  last  resonant  cavity 
(106)  to  the  outside  of  said  series  of  cavities 
(100-106;  152-158)  to  extract  an  output  signal 
(128),  said  series  of  cavities  (100-106;  152- 
158)  forming  a  bandpass  filter,  characterized  10 
by 
coupling  (120;  162)  said  input  signal  (114;  150) 
to  one  or  more  cavities  (102;  154-158)  other 
than  said  first  resonant  cavity  (1  00;  1  52)  and/or 
coupling  (125)  said  output  signal  (128)  to  one  15 
or  more  cavities  (1  04)  other  than  said  last  cav- 
ity  (106),  each  of  said  other  couplings  (120, 
124;  162)  producing  a  finite-frequency  inser- 
tion  loss  pole  (170,  172;  180,  182;  190,  194; 
204,  206;  214,  216)  in  said  bandpass  filter's  20 
frequency  reponse. 
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