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©  The  efficiency  and  freedom  from  cross-talk 
achieved  by  transmissive  multiplexer/demultiplexer 
devices  is  achieved  in  a  reflective 
multiplexer/demultiplexer  device.  The  reflective  ge- 
ometry  avoids  the  large  size  devices  necessitated  by 
transmissive  geometries  handling  a  large  number  of 
optical  channels.  The  reflective  geometry  also  avoids 
long  bends  in  waveguides  used  in  optical  gratings  in 
high  efficiency  transmissive  geometries. 

Integrated  optical  multiplexer/demultiplexers  in 
accordance  with  this  invention  comprise  a  plurality  of 
waveguides  for  carrying  unmultiplexed  optical  sig- 
nals  interleaved  with  a  plurality  of  waveguides  for 
carrying  multiplexed  optical  signals.  The  two  plural- 
ities  of  waveguides  are  connected  to  the  boundary  of 
a  free  space  region.  The  pluralities  of  waveguides 
communicate  through  the  free  space  region  with  an 
optical  grating  comprising  a  plurality  of  waveguides 
each  terminated  in  a  reflective  element.  The  length 
of  each  waveguide  in  the  grating  differs  from  the 
lengths  of  adjacent  waveguides  in  the  grating  by  a 
predetermined  amount  to  introduce  predetermined 
path  length  differences  for  the  optical  signals  travel- 
ing  in  the  waveguides  of  the  grating. 

Unmultiplexed  optical  signals,  introduced  into 
one  or  more  of  the  input  waveguides  for  carrying 
unmultiplexed  optical  signals,  travel  through  those 
waveguides  into  the  optical  grating  and  are  reflected 
towards  one  or  more  of  the  output  waveguides  for 
carrying  multiplexed  optical  signals.  When  the  de- 
vice  is  used  as  a  multiplexer  in  this  fashion,  it 
causes  the  optical  signals  introduced  into  the  device 
to  be  multiplexed  together  and  appear  in  a  predeter- 
mined  one  or  more  of  the  waveguides  for  carrying 
multiplexed  signals.  Multiplexed  optical  signals  intro- 
duced  into  one  or  more  of  the  waveguides  for  carry- 
ing  multiplexed  signals  are  directed  through  the  free 
space  region  to  the  optical  grating  and  are  reflected 
toward  one  or  more  of  the  output  waveguides  for 
carrying  unmultiplexed  optical  signals.  When  the  de- 
vice  is  used  as  a  demultiplexer  in  this  manner,  input 
signals  which  comprise  a  mixture  of  optical  fre- 
quencies  are  demultiplexed  so  that  the  individual 
optical  frequencies  are  separated  from  one  another 
and  appear  at  one  or  more  predetermined 
waveguides  for  carrying  unmultiplexed  optical  sig- 
nals. 
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Technical  Field 

This  invention  relates  to  optical  multiplexing 
and  demultiplexing.  More  specifically,  this  invention 
relates  to  reflective  optical  multiplexing  and  demul- 
tiplexing  devices.  Those  devices  comprise  small 
integrated  structures  which  are  highly  efficient  and 
can  handle  a  large  number  of  communications 
channels  without  a  large  amount  of  cross-talk  be- 
tween  channels. 

Background 

Efficient  optical  multiplexers  and  demultiplex- 
ers  suitable  for  long  haul  and  local  area  commu- 
nications  networks  can  be  realized  in  integrated 
form.  See,  for  example,  U.S.  Patent  5,002,350. 
These  efficient  multiplexers  and  demultiplexers 
comprise  a  plurality  of  essentially  uncoupled  trans- 
missive  waveguides  which  effectively  provide  un- 
equal  path  lengths  between  a  group  of  input 
waveguides  and  a  group  of  output  wave  guides. 
The  unequal  length  waveguides  essentially  act  as  a 
grating  whose  order  is  determined  by  the  differ- 
ence  in  path  length  between  the  adjacent 
waveguides. 

The  size  of  multiplexer/demultiplexer  devices 
using  such  transmissive  waveguides  to  perform  the 
function  of  an  optical  grating  tends  to  be  large.  The 
size  of  these  transmissive  devices  may,  in  fact,  be 
too  large  to  be  practical,  especially  when  the  num- 
ber  of  channels  handled  by  the  device  is  large,  the 
required  level  of  crosstalk  between  channels  is 
very  low,  and  the  channel  width  is  small.  This  large 
size  is  due,  in  part,  to  the  long  bends  needed  in 
the  grating  to  produce  the  required  path  length 
differences  in  the  grating.  To  maintain  low  levels  of 
cross-talk  between  adjacent  ports  of  the  device,  the 
spacing  between  waveguides  must  be  relatively 
large  -  for  example,  more  than  twice  the  width  of 
each  waveguide  -  which  requires  a  further  increase 
in  the  size  of  the  device.  Large  size  is  disadvanta- 
geous  in  itself  because  too  much  precious  space  is 
used  and  miniaturized  devices  for  a  communication 
system  become  harder  to  achieve.  Also,  in  large 
integrated  devices,  unavoidable  compositional  vari- 
ations  in  the  materials  making  up  those  devices 
become  more  noticeable  and  thus  have  an  increas- 
ingly  deleterious  effect  on  performance  in  larger 
devices.  In  the  case  of  the  multiplexing  and  demul- 
tiplexing  device  described  above,  compositional 
variations  cause  variations  in  the  propagation  con- 
stant  of  the  waveguides.  Changes  in  the  propaga- 
tion  constant  will  cause  phase  errors  in  the  optical 
signals  flowing  in  the  waveguides.  Such  phase  er- 
rors  will  noticeably  increase  the  cross-talk  between 
channels  in  a  large  size  multiplexing  and  demul- 
tiplexing  device  and  will  seriously  reduce  the  effi- 

ciency  of  the  device. 

Summary 

5  The  size  of  a  multiplexer/demultiplexer  device, 
and  the  resultant  problems  caused  by  large  size, 
may  be  reduced  by  adopting  a  reflective  geometry 
in  place  of  a  transmissive  geometry  like  the  prior 
art  geometry  described  above.  High  efficiency  and 

io  low  levels  of  cross-talk  achieved  by  transmissive 
geometries  are  maintained.  Also,  a  large  number  of 
channels  may  be  multiplexed  or  demultiplexed  by 
such  a  small  size  reflective  device. 

In  one  example  of  the  invention,  a  first  plurality 
75  of  waveguides  is  connected  to  a  free  space  region. 

The  first  plurality  of  waveguides  may  comprise  a 
group  of  waveguides  which  may  carry  input  optical 
signals  interleaved  with  a  group  of  waveguides 
which  may  carry  output  optical  signals.  A  second 

20  plurality  of  waveguides  is  also  connected  to  the 
flee  space  region.  Each  of  the  second  plurality  of 
waveguides  is  terminated  with  a  reflective  element. 
Advantageously,  such  a  reflective  device  can  be 
smaller  than  a  corresponding  transmissive  device 

25  for  a  given  number  of  channels  handled  by  the 
device. 

Brief  Description  of  the  Drawings 

30  FIG.  1  is  a  schematic  representation  of  an 
integrated  multiplexer/demultiplexer  in  accordance 
with  this  invention  which  uses  a  reflective  optical 
grating  containing  waveguides  terminated  with  re- 
flective  elements. 

35  FIG.  2  is  a  more  detailed  representation  of  an 
example  of  a  reflective  multiplexer/demultiplexer  in 
accordance  with  this  invention. 

FIG.  3  shows  an  example  of  an  optical  grating 
in  accordance  with  this  invention  comprising 

40  straight  waveguides  terminated  in  Bragg  reflectors. 
FIG.  4  shows  an  example  of  an  optical  grating 

in  accordance  with  this  invention  comprising 
curved  waveguides  terminated  in  Bragg  reflectors 
which  are  located  so  that  they  are  displaced  from 

45  one  another  by  only  x  and  y  linear  displacements. 
FIG.  5  shows  a  grating  waveguide  terminated 

in  a  reflective  element  comprising  a  diffraction  grat- 
ing  which  has  been  separately  made  and  then 
affixed  to  one  end  of  the  grating  waveguide. 

50  FIG.  6  shows  a  grating  waveguide  terminated 
in  a  reflective  element  comprising  a  diffraction  grat- 
ing  which  has  been  directly  machined  into  one  end 
of  the  grating  waveguide. 

55  Detailed  Description 

FIG.  1  shows  an  optical 
multiplexer/demultiplexer  which  comprises  a  plural- 

3 
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ity  of  input  ports  and  a  plurality  of  output  ports.  An 
optical  grating  couples  the  input  ports  to  the  output 
ports  and  comprises  a  plurality  of  waveguides  ter- 
minated  in  reflective  elements.  More  specifically, 
FIG.  1  schematically  shows  an  example  of  a  reflec- 
tive  optical  NxN  multiplexer/demultiplexer  in  accor- 
dance  with  this  invention.  The  device  of  FIG.  1 
comprises  a  group  of  N  input  waveguides  10i, 
IO2  and  10N  one  or  more  of  which  each  may 
carry  up  to  N  optical  signals  which  have  been 
multiplexed  together  by  some  instrumentality  exter- 
nal  to  the  device  of  FIG.  1.  N  may  be  up  to  20  or 
more.  These  multiplexed  optical  signals  are  di- 
rected  into  the  device  for  demultiplexing  via 
waveguides  10i  ,  IO2  and  10N,  which  act  as  input 
ports  of  the  device,  when  the  device  is  used  as  a 
demultiplexer  for  these  signals.  The  device  demul- 
tiplexes  the  multiplexed  optical  signals  received  on 
each  one  of  the  input  ports.  The  demultiplexed 
optical  signals  are  directed  out  of  the  device  via  a 
second  group  of  N  output  waveguides  12i,  122 
and  12N,  which  act  as  output  ports  of  the  device 
when  waveguides  10i,  IO2  and  10N  are  used  as 
input  ports.  Alternatively,  a  plurality  of  the 
waveguides  12i,  122  and  12N  each  may  carry  a 
single  wavelength  optical  input  signal.  Those  single 
optical  input  signals  are  multiplexed  by  the  device 
of  FIG.  1  and  directed  out  of  the  device  on  one  of 
the  waveguides  10i,  IO2  10N-  In  this  case,  the 
waveguides  12i,  122  and  12N  act  as  the  input 
ports  of  the  device  and  waveguides  10i,  IO2 
and  10N  act  as  output  ports  of  the  device. 

In  both  cases,  the  output  waveguides  are  inter- 
leaved  with  the  input  waveguides  so  that  every 
other  waveguide  connected  to  the  boundary  11  of 
the  free  space  region  14  is  a  waveguide  for  carry- 
ing  input  signals  and  every  other  waveguide  con- 
nected  to  boundary  1  1  is  a  waveguide  for  carrying 
output  signals.  As  in  the  case  of  the  input 
waveguides,  N  may  be  up  to  20  or  more  for  the 
output  waveguides.  Although  described  as  being 
equal  in  number  here,  the  number  of  input 
waveguides  may  differ  from  the  number  of  output 
waveguides. 

The  device  of  FIG.  1  also  comprises  a  planar 
free  space  region  14  connected  to  the  pluralities  of 
waveguides  10  and  12.  The  free  space  region  14  is 
also  connected  to  an  optical  reflective  grating  com- 
prising  M  unequal  length  waveguides  1  61  ,  162,  1  63  , 
164,  165  and  16M-  The  length  of  each  waveguide 
in  the  grating  differs  from  its  immediately  adjacent 
neighboring  waveguides  by  a  constant  predeter- 
mined  magnitude  I,  as  shown  in  FIG.  1.  One  end 
of  each  of  the  waveguides  16  in  the  grating  is 
connected  to  the  free  space  region  14.  The  other 
end  of  each  of  the  waveguides  16  is  terminated  in 
reflective  elements  1  81  ,  1  82  ,  1  83  ,  1  84  ,  1  85  and 
18M,  respectively.  M  may  be  up  to  35  or  more. 

The  device  of  FIG.  1  may  be  fabricated  from  a 
silicon  wafer  by  forming  regions  of  SiCfe  in  the 
wafer  defining  the  configurations  of  the  waveguides 
and  free  space  region.  The  formation  of  such  re- 

5  gions  may  be  made  by  photolithographic  patterning 
techniques.  The  reflective  elements  18  may  be 
formed  by  creating  appropriate  reflective  com- 
positional  discontinuities  in  the  waveguides  18  in 
the  grating.  An  alternative  material  which  may  be 

10  used  to  form  the  device  of  FIG.  1  comprises  semi- 
conductor  material  such  as  indium  phosphide  (InP) 
having  regions  of  a  quaternary  composition,  such 
as  InP  doped  with  gallium  arsenide  InGaAsP,  defin- 
ing  the  waveguides  and  free  space  region  shown  in 

15  FIG.  1. 
FIG.  1  illustrates  one  example  of  the  use  of  the 

illustrated  device  as  a  demultiplexer  for  input  sig- 
nals  in  waveguide  10i.  As  shown  in  FIG.  1,  a 
plurality  of  optical  wavelengths  X1  ,  X2,  ■"  XN  are 

20  directed  toward  the  free  space  region  14  via  the 
waveguide  10i  .  The  wavelengths  X1  ,  X2,  -  XN  travel 
through  the  waveguide  10i,  into  the  free  space 
region  14,  and  illuminate  the  optical  grating.  Some 
of  the  energy  received  from  waveguide  10i  is 

25  directed  through  each  of  the  waveguides  1  61  , 
162...,  and  16M  in  the  grating  toward  a  respective 
one  of  the  reflective  elements  1  81  ,  182  or  18M- 
The  energy  flowing  in  each  of  the  waveguides  16  is 
reflected  from  a  respective  reflective  element  back 

30  toward  the  free  space  region  14.  Due  to  the  fact 
that  each  of  the  waveguides  16  differs  in  length 
from  its  immediately  adjacent  neighboring 
waveguide  in  the  optical  grating  by  an  amount  I, 
as  shown  in  FIG.  1,  there  is  a  corresponding  phase 

35  shift  between  the  reflected  energy  directed  into  the 
free  space  region  14  by  each  of  the  waveguides 
16.  This  phase  shift  causes  each  individual  optical 
wavelength  in  the  original  multiplexed  signal  intro- 
duced  into  the  device  on  waveguide  10i  to  be 

40  focused  or  concentrated  on  different  ones  of  the 
waveguides  12i,  122  and  12N  for  carrying  de- 
multiplexed  optical  wavelengths.  In  the  example  of 
FIG.  1,  the  optical  energy  at  wavelength  X1  is 
directed  out  of  the  device  on  waveguide  12i,  op- 

45  tical  energy  at  wavelength  X2  is  directed  out  of  the 
device  on  waveguide  122,  and  so  forth  up  to  optical 
energy  at  XN  being  directed  out  of  the  device  on 
waveguide  12N.  Those  skilled  in  the  art  will  appre- 
ciate  that  multiplexed  optical  signals  may  also  be 

50  applied  simultaneously  or  separately  to  the  other 
waveguides  IO2  to  10N  in  addition  to  waveguide 
10i.  Those  signals  will  be  demultiplexed  and  di- 
rected  to  individual  ones  of  the  waveguides  12i, 
122  and  12N.  For  example,  the  same 

55  wavelengths  X1  ,  X2  and  XN  may  be  directed  to 
any  of  the  other  waveguides  IO2  to  10N-  Each 
individual  wavelength  will  be  demultiplexed  and  will 
appear  as  an  output  on  one  of  the  waveguides  12i  , 

4 
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122...,  and  12N.  The  waveguide  12i  ,  122  and  12N 
on  which  a  particular  wavelength  appears  is  a  func- 
tion  of  which  waveguide  10i,  IO2  or  10N  re- 
ceived  that  wavelength. 

The  device  of  FIG.  1  may  also  perform  as  a 
multiplexer,  since  each  output  waveguide  in  gen- 
eral  may  receive  signals  from  all  input  waveguides. 
Thus,  by  directing  optical  wavelengths  X1  ,  X2 
and  XN  into  the  device  on  waveguides  12i,  122  - 
and  12N,  respectively,  those  input  optical 
wavelengths  will  be  multiplexed  by  the  device  and 
appear  in  combination  at  the  output  of  the  device 
on  one  of  the  waveguides  10i,  IO2  and  10N- 
Those  skilled  in  the  art  will  appreciate  that  the 
identity  of  a  waveguide  at  which  a  desired  unmul- 
tiplexed  or  multiplexed  optical  wavelength  appears 
as  an  output  is  determined  by  the  wavelength  of  an 
input  signal  and  by  which  of  the  input  waveguides 
receives  input  optical  wavelength  for  demultiplexing 
or  multiplexing. 

FIG.  2  shows  a  more  detailed  example  of  an 
integrated  optical  multiplexing/demultiplexing  de- 
vice  in  accordance  with  this  invention.  The  device 
of  FIG.  2  comprises  waveguides  and  a  planar  free 
space  region  made  of  InGaAsP  regions  formed  on 
or  in  an  InP  substrate.  The  device  of  FIG.  2  may  be 
an  NxN  multiplexer  capable  of  multiplexing  and 
demultiplexing  N  optical  wavelengths,  where  N 
may  be  as  large  as  16  or  more.  As  in  the  device  of 
FIG.  1,  the  device  of  FIG.  2  contains  a  plurality  of 
waveguides.  The  plurality  of  waveguides  comprises 
N  waveguides  for  carrying  input  optical  signals. 
Three  of  those  waveguides  for  carrying  input  op- 
tical  signals  are  labeled  with  reference  numerals 
20,  22,  and  24  in  FIG.  2.  The  plurality  of 
waveguides  also  comprises  N  waveguides  for  car- 
rying  output  optical  signals.  Two  of  the  waveguides 
for  carrying  output  optical  signals  are  labeled  with 
reference  numerals  26  and  28  in  FIG.  2.  As  in  the 
case  of  the  device  of  FIG.  1,  the  device  of  FIG.  2 
also  comprises  a  free  space  region  14  connected 
to  one  end  of  each  of  the  waveguides  described 
above.  The  free  space  region  14  may  comprise  a 
flat  area  having  a  length  D  of  about  670  urn.  The 
waveguides  described  above  may  be  about  2  urn 
wide.  The  waveguides  may  be  separated  by  about 
1  urn  at  the  circular  boundary  of  the  free  space 
region  14.  The  wavelength  channels  X1  ,  X2  XN 
handled  by  the  device  of  FIG.  2  may  be  separated 
by  about  0.8  nanometers.  X1  may  be  about  1.5  urn. 

In  addition  to  the  waveguides  20,  22,  24,  26, 
and  28,  the  device  of  FIG.  2  contains  an  optical 
grating  comprising  M  waveguides,  three  of  which 
are  labeled  in  FIG.  2  with  reference  numerals  30, 
32,  and  34.  The  value  of  M  may  be  about  35  in  one 
example  of  the  invention.  The  M  waveguides  in  the 
grating  are  of  unequal  length.  Specifically,  the 
length  of  each  waveguide  in  the  grating  differs  from 

the  length  of  its  immediately  adjacent  waveguides 
in  the  grating  by  a  constant  length  I.  More  specifi- 
cally,  for  the  waveguides  shown  in  FIG.  2,  the 
length  of  waveguide  30  is  I  units  of  length  longer 

5  than  the  length  of  waveguide  32.  Waveguide  32,  in 
turn,  is  I  units  of  length  longer  than  waveguide  34. 
In  one  example  of  the  invention,  the  value  of  I  may 
be  about  75  urn.  Each  of  the  waveguides  in  the 
grating  may  be  separated  from  its  immediate 

10  neighbors  by  an  angular  separation  of  about 
0.255  0  .  The  length  of  the  longest  waveguide  in  the 
optical  grating  may  be  about  3300  urn.  Each  of  the 
waveguides  in  the  grating  is  terminated  with  a 
reflective  element  as  in  FIG.  1.  Specifically,  for  the 

15  waveguides  shown  in  FIG.  2,  waveguide  30  is  ter- 
minated  in  a  reflective  element  36,  waveguide  32  is 
terminated  in  a  reflective  element  38,  and 
waveguide  34  is  terminated  in  a  reflective  element 
40.  The  device  of  FIG.  2  operates  in  a  fashion 

20  similar  to  the  device  of  FIG.  1  to  multiplex  and 
demultiplex  optical  signals  directed  to  selected 
ones  of  the  waveguides  for  carrying  multiplexed 
and  unmultiplexed  signals  described  above. 

The  grating  of  FIG.  2  has  an  important  advan- 
25  tage  in  that  variable  phase  shifters,  for  example,  a 

modulator  using  the  electroptic  effect,  may  be  lo- 
cated  in  each  of  the  grating  arms  to  obtain  a 
tunable  grating.  In  this  situation,  phase  errors  caus- 
ed  by  nonuniformity  in  the  wafer  and  other  phase 

30  uberrations  can  be  removed  thus  reducing  cross- 
talk  in  the  device. 

FIGs.  3  and  4  show  two  embodiments  of  the 
invention  using  Bragg  reflectors  as  the  reflecting 
elements.  The  Bragg  reflectors  may  be  formed  in 

35  the  wafer  at  the  end  of  each  waveguide  in  the 
grating  by  forming  a  number  of  closely  spaced 
grooves  in  the  wafer  which  act  as  a  reflecting 
grating.  The  advantage  of  using  Bragg  reflectors  in 
this  manner  is  that  when  each  Bragg  reflector  is 

40  appropriately  situated  with  respect  to  the  optical 
energy  flowing  in  its  respective  waveguide,  the 
losses  due  to  reflection  can  be  very  small,  for 
example,  less  than  1  dB.  In  FIG.  3  the  grating 
waveguides  42,  44,  46,  48,  and  50  are  each  un- 

45  equal  length  straight-line  waveguides  extending 
from  the  free  space  region  14  to  Bragg  reflectors 
52,  54,  56,  58,  and  60,  each  of  which  is  appro- 
priately  oriented  with  respect  to  the  longitudinal 
axis  of  its  respective  waveguide  so  that  maximum 

50  reflection  of  the  incident  optical  energy  occurs.  The 
Bragg  reflectors  shown  in  FIG.  3  are  thus  linearly 
displaced  from  one  another  in  both  the  x,y  direc- 
tions  in  the  plane  of  the  wafer  and  are  also 
rotationally  displaced  with  respect  to  one  another 

55  and  equally  spaced.  It  may  thus  be  somewhat 
difficult  to  fabricate  the  geometry  of  FIG.  3  using 
stepping  equipment  which  must  individually  form 
the  Bragg  reflectors  in  the  wafer.  In  a  situation 

5 
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where  stepping  equipment  must  be  used,  it  may 
be  desirable  to  use  the  geometry  of  FIG.  4  which 
depicts  the  Bragg  reflectors  62,  64,  66,  68,  70,  72, 
and  74  which  are  only  linearly  displaced  from  one 
another  in  the  x,y  plane  without  any  rotational  dis- 
placement.  This  arrangement  of  Bragg  reflectors 
requires  that  the  grating  waveguides  76,  78,  80,  82, 
84,  86,  and  88  terminated  by  the  Bragg  reflectors 
to  be  somewhat  curved,  but  this  curvature  is  not 
too  severe,  the  bends  in  the  waveguides  are  not 
too  long,  and  little  appreciable  loss  is  introduced. 

Configurations  using  Bragg  reflectors  may  be 
difficult  to  realize  because  of  the  accuracy  with 
which  the  Bragg  reflectors  must  be  positioned.  In 
this  case  it  may  be  advantageous  to  form  the 
reflective  elements  using  a  conventional  diffraction 
grating.  In  the  example  shown  in  FIG.  5,  the  ends 
of  the  waveguides  in  the  grating  are  arranged  so 
that  the  waveguides  are  parallel  to  one  another  and 
equally  spaced.  The  edge  of  the  wafer  at  the  ends 
of  the  grating  waveguides  then  is  cut  and  polished 
at  an  angle  6  with  respect  to  the  waveguides  as 
shown  in  FIG.  5.  A  separately  manufactured  diffrac- 
tion  grating  90  may  then  be  attached  to  the  ends  of 
the  grating  waveguides  as  shown  in  FIG.  5.  Alter- 
natively,  as  shown  in  FIG.  6,  the  edge  of  the  wafer 
may  be  directly  machined  into  the  form  of  an 
optical  diffraction  grating  92.  The  gratings  of  FIGs. 
5  and  6  are  preferably  configured  so  that  each 
facet  of  the  grating  is  illuminated  at  normal  in- 
cidence.  The  depth  of  each  groove  should  be  ap- 
proximately  equal  to  X/2.  The  latter  condition  can 
only  be  satisfied  exactly  at  one  wavelength.  At 
other  wavelengths,  the  angle  of  reflection  will  in 
general  differ  from  the  angle  of  incidence  by  an 
amount  86  which  will  be  determined  by  the  angular 
dispersion  of  the  grating  S6/S\  =  1/aCOS0i.  This 
will  result  in  some  loss  of  efficiency,  but  the  loss 
will  be  small,  provided  the  angular  aperture  of  the 
waveguide  is  large  enough  to  include  all  reflected 
wave  directions,  for  all  wavelengths  of  interest.  This 
condition  can  be  satisfied  by  properly  chosing  the 
waveguide  width  which  is  inversely  related  to  the 
waveguide  angular  aperture  determined  by  the  far 
field  width  of  the  waveguide  mode. 

One  or  more  of  the  devices  disclosed  here 
may  be  used  to  multiplex  or  demultiples  optical 
signals  produced  by  equipment  in  an  optical  fiber 
based  long  haul  or  local  area  communications  net- 
work,  such  as  a  local  or  long  distance  public 
switched  telephone  network,  using  entirely  or,  in 
part,  optical  fibers  or  other  optical  signal  transmit- 
ting  medium  and  the  like  to  transmit  communica- 
tions  signals  from  place-to-place  in  the  network. 
Communications  systems  using  optical  multiplex- 
ers  and  demultiplexers  in  accordance  with  this  in- 
vention  comprise  one  or  more  pieces  of  equipment 
which  produce  optical  signals  for  transmission  to 

one  or  more  receivers  of  the  optical  signals.  The 
multiplexers  and  demultiplexers  of  this  invention 
may  be  part  of  the  communications  path  between 
the  equipment  which  produces  the  optical  signals 

5  and  the  equipment  which  receives  those  optical 
signals. 

Claims 

io  1.  An  optical  apparatus,  comprising: 
a  first  plurality  of  waveguides, 
a  planar  free  space  region  connected  to 

the  first  plurality  of  waveguides, 
a  second  plurality  of  waveguides  each 

is  having  two  ends,  one  of  the  ends  of  the  sec- 
ond  plurality  of  waveguides  being  connected  to 
the  free  space  region;  and 

at  least  one  reflective  element  directly 
connected  to  one  of  the  other  ends  of  at  least 

20  one  of  the  second  plurality  of  waveguides. 

2.  The  optical  apparatus  of  claim  1,  in  which  the 
first  plurality  of  waveguides  comprises  a  first 
group  of  input  waveguides  and  a  second  group 

25  of  output  waveguides  interleaved  with  the  first 
group  of  waveguides. 

3.  The  optical  apparatus  of  claim  1,  in  which  the 
at  least  one  reflective  element  comprises  a 

30  compositional  discontinuity  associated  with  the 
second  plurality  of  waveguides. 

4.  The  optical  apparatus  of  claim  1,  in  which  the 
at  least  one  reflective  element  comprises  a 

35  Bragg  reflector. 

5.  The  optical  apparatus  of  claim  4,  in  which  each 
of  the  second  plurality  of  waveguides  is  sub- 
stantially  straight. 

40 
6.  The  optical  apparatus  of  claim  4,  in  which  each 

of  the  second  plurality  of  waveguides  is  curved 
so  that  each  Bragg  reflector  is  displaced  with 
respect  to  every  other  Bragg  reflector  by  only 

45  linear  displacements. 

7.  The  optical  apparatus  of  claim  1,  in  which  the 
at  least  one  reflective  element  comprises  a 
optical  diffraction  grating  attached  to  a  end  of 

50  at  least  one  of  the  waveguides  in  the  second 
plurality  of  waveguides. 

8.  The  optical  apparatus  of  claim  1  in  which  the 
at  least  one  reflective  element  comprises  a 

55  optical  diffraction  grating  machined  into  a  end 
of  at  least  one  of  the  waveguides  in  the  second 
plurality  of  waveguides. 

6 
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9.  A  method  of  multiplexing  a  plurality  of  optical 
wavelengths,  comprising  the  steps  of: 

receiving,  in  each  of  a  plurality  of  input 
waveguides  for  carrying  input  optical  signals,  a 
optical  signal  of  a  predetermined  wavelength; 

directing,  through  a  free  space  region,  the 
optical  signals  received  in  the  plurality  of 
waveguides  toward  a  reflective  optical  grating 
comprising  a  plurality  of  unequal  length 
waveguides  each  terminated  in  a  reflective  ele- 
ment;  and 

reflecting  the  optical  signals  directed  to  the 
optical  grating  toward  a  single  one  of  a  plural- 
ity  of  waveguides  for  carrying  multiplexed  op- 
tical  signals  interleaved  with  the  plurality  of 
waveguides  for  carrying  unmultiplexed  optical 
signals. 

12.  An  optical  apparatus,  comprising: 
one  or  more  input  ports; 
one  or  more  output  ports;  and 
an  optical  grating  for  coupling  the  one  or 

5  more  input  ports  to  the  one  or  more  output 
ports,  comprising  a  plurality  of  waveguides  ter- 
minated  in  one  or  more  reflective  elements. 

w 

10.  A  method  of  demultiplexing  a  multiplexed  plu- 
rality  of  optical  wavelengths,  comprising  the  20 
steps  of: 

receiving,  in  one  of  a  plurality  of  input 
waveguides  for  carrying  input  optical  signals,  a 
plurality  of  multiplexed  optical  signals; 

directing,  through  a  free  space  region,  the  25 
input  optical  signals  toward  a  reflective  optical 
grating  comprising  a  plurality  of  unequal  length 
waveguides,  each  terminated  in  a  reflective 
element;  and 

reflecting  each  of  the  multiplexed  optical  30 
signals  from  the  grating  toward  a  respective 
one  of  a  plurality  of  output  waveguides  for 
receiving  unmultiplexed  optical  signals  inter- 
leaved  with  the  plurality  of  waveguides  for  car- 
rying  multiplexed  opticals  signals.  35 

11.  An  optical  communication  system  comprising: 
a  means  for  producing  one  or  more  optical 

signals  carrying  information  from  a  transmitter 
to  a  receiver;  40 

at  least  one  multiplexing/demultiplexing 
device  for  receiving  the  one  or  more  optical 
signals  comprising: 

a  first  plurality  of  waveguides, 
a  free  space  region  connected  to  the  first  45 

plurality  of  waveguides, 
a  second  plurality  of  waveguides  each 

having  two  ends,  one  of  the  ends  of  the  sec- 
ond  plurality  of  waveguides  being  connected  to 
the  free  space  region,  and  50 

at  least  one  reflective  element  connected 
to  one  of  the  other  of  the  ends  of  the  second 
plurality  of  waveguides;  and 

a  means  for  transmitting  output  signals 
from  the  multiplexing/demultiplexing  device  to  55 
a  receiver. 
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